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ABSTRACT
Solar energy can be envisioned as a long term alternative to rapidly depleting
fossil fuels. The energy from the sun can be harnessed by constructing donor-acceptor
(D-A) type devices where the incident photon induces the transfer of an electron from the
donor to the acceptor. If recombination is prevented, this electron can then be channeled
through an external circuit, thus leading to the generation of photocurrent. Porphyrins,
which are the naturally occurring pigments in photosynthesis, have been widely
established as donors while fullerenes, such as C60 and C70, due to their unique electron
accepting properties, have been considered as acceptors. The conversion efficiency of
these systems has recently reached about 5%; efficiencies greater than 11% are required
for these systems to be economically viable. Thus, in order to further improve their
efficiency better electron acceptors which can prevent charge recombination more
efficiently than C60 and C70 are required.
This study is aimed at investigating the use of multishell fullerenes, also known as
carbon nano onions (CNOs), as possible candidate for electron acceptors in D-A systems.
An easy and economical method for the synthesis of these CNOs is established. The
synthesized particles are completely characterized and their reactivity is demonstrated
using functionalization strategies such as cycloaddition, oxidation, and radical addition
reactions. Further, these inherently insoluble particles are rendered soluble in polar as
well as non-polar media by functionalization with lypophilic and hydrophilic groups.
Their solution properties are studied using NMR, UV-Vis, Raman and fluorescence
spectroscopies as well as by electrochemistry. The electrochemistry confirms the ability

of CNOs to accept electrons and undergo reduction. Finally, a supramolecular D-A
system employing CNOs and tetraphenyl zinc porphyrin is demonstrated
In addition to these studies various porphyrin and fullerene based dyads have been
investigated with the intent to determine the optimum geometry for photoinduced charge
transfer. These studies offer important clues about the relationship between the structure
of the dyad and the charge transfer process.
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CHAPTER ONE
INTRODUCTION
Converting solar energy efficiently, into electricity, would provide a much-needed
and optimal solution to the energy crisis the world is facing today. The sun provides
about 100,000 terawatts of power to the earth, which is considerably more than present
day energy requirements.1 Significant efforts have been made to tap into this potentially
unlimited source of renewable energy by designing photovoltaic devices which can
convert solar energy into electricity. All photovoltaic devices, irrespective of their
construction, operate on the simple principle of separation of charges, which arises as a
consequence of absorption of light by a donor followed by transfer of charge to an
acceptor. If the charge is transported through an external medium (wire), it generates
electricity before the charges recombine. Various inorganic semiconductor-based solar
cells have been commercially available with efficiencies ranging from 10-20%.1 The
major problem with the use of inorganic materials is the prohibitive associated cost with
them. Thus, in order to make photovoltaic cells commercially viable, the costs associated
need to be reduced. This can be readily achieved through the use of organic materials,
which are bulk processable. The choice of organic materials that can be used for the
construction of such devices can be made by studying similar processes occurring in
nature. Photosynthesis, a well known natural phenomenon, is a process by which plants
trap solar energy and convert it to energy. The key components of photosynthesis are
naturally occurring organic pigment porphyrins which act as electron donors in a series of

electron transfer processes, as well as a quinone which acts as an electron accepting unit
in the photosynthetic reaction center (PRC) protein. Thus porphyrins are potentially
useful as donors in the construction of artificial photovoltaic systems. However quinones
used in artificial systems, are usually not effective acceptors compared to the natural
systems. Thus alternative electron acceptors are needed for constructing organic
photovoltaic devices.
The serendipitous discovery of C60 and subsequent discovery of other fullerenes2
and carbon nanoparticles such as nanotubes3, nanohorns4 and nano-onions5 has resulted
in extensive research focused on their incorporation into biomaterials6 as well as
nanodevices.7-9 Their unique three dimensional structures and novel electronic properties
make them as interesting candidates for these applications.10, 11 In particular, fullerenes
and their derivatives have proven to be excellent electron acceptors partly because their
charge separated states require small internal and solvent reorganization energies.12
These characteristics account for ultra-fast charge separation and very slow charge
recombination, giving rise to efficient yields of relatively long lived charge separated
states.13 These properties make them excellent candidates for the construction of devices
for energy storage, photovoltaics, and artificial photosynthetic or biomimetic systems.13
As a result, fullerene compounds have been successfully incorporated into a wide variety
of device configurations, such as bulk heterojunction solar cells14 as well as
supramolecular solar cells composed of a series of porphyrin–peptide oligomers15 which
exhibit significant photovoltaic responses. The highest power conversion efficiencies (η)
obtained thus far with these fullerene based D-A photovoltaic devices have just
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approached 5%.16-18 However, organic photovoltaic devices must have η values greater
than 11 % to have commercial viability. To further improve the conversion efficiency
several avenues can be pursued.
First, other members of the fullerene family can be explored in order to possibly
find acceptors even better than C60 and C70, which are the only fullerenes currently used
as acceptors in photovoltaics.

Second, the low charge carrier mobility in organic

materials limits the charge transfer efficiencies between the donor and the acceptor thus
leading to charge recombination.

Therefore various “linkers” which can act as

connections between the donor and acceptors need to be studied. Finally, a significant
amount of energy is lost during the electron transfer from the donor to the acceptor
molecule possibly due to the large difference in the energies of the lowest unoccupied
molecular orbital (LUMO). A better matching of donor and acceptor LUMO levels can
reduce this energy loss and improve the device photovoltage. Thus a wide range of donor
acceptor dyad systems need to be studied in order to determine the optimum
configurations.

The latest modeling of organic solar cells has shown that ultimate

efficiencies of 11% can be achieved in bulk-heterojunction solar cells by optimizing the
band gap and the position of the molecular orbitals of donor and acceptor materials even
without improving the charge carrier mobility.8 Thus efficiencies beyond 10% are
feasible if the charge carrier mobility in the photovoltaic devices can be improved in
conjunction with optimized molecular orbitals.
Although various D-A systems utilizing different derivatives of C60 have been
reported13,

19-21

up to now with varying efficiencies, other members of the fullerene

3

family have not been studied extensively. One of the main reasons for this is the
solubility of these particles. While C60, C70 and other fullerenes are soluble in some
solvents, larger nanoparticles such as nanohorns, nanotubes and nano-onions are
insoluble. Modification and solution processing of these carbon nanoparticles is not
possible unless they are functionalized. Up to now these particles have been made
dispersible by using either supramolecular assembly or direct functionalization.22,

23

Prato et al. have investigated the electronic properties24 as well as donor-acceptor
behavior of single walled carbon nanotube (SWNTs) ensembles and have consistently
observed fast charge separation and slow charge recombination in a variety of composites
that contain porphyrin derivatives.25 Recently, carbon nanohorns have also been
investigated for donor-acceptor properties by the same group. However carbon nano
onions (CNOs), which are members of the same family, have never been investigated for
this purpose.
The primary interest in CNOs stems from the fact that these particles are
multishell analogues of fullerenes and thus are expected to have properties that resemble
fullerenes more closely than nanotubes.

These nanoparticles consist of a hollow

spherical fullerene core surrounded by spherical layers of higher fullerenes with
increasing diameter.7 The distance between the layers is very close to the interlayer
distance in graphite of 0.34 nm. If the innermost fullerene is assumed to the composed of
“R” carbons then the number of carbons in the successive layers can be predicted by the
mathematical formula:
Number of carbons in Nth shell = R * N2

4

where N is the successive layer number.
Since single shell fullerenes such as C60 have been shown to accept multiple
electrons without significant reorganization, it may be expected that multishell fullerenes
may stabilize charge even better, leading to improved electron acceptors. Another reason
is that single shelled fullerenes exhibit greater reactivity due to their high degree of
curvature, unlike SWNTs, which have relatively low curvature.12 CNOs should therefore
exhibit higher reactivity as compared to SWNTs. This increased reactivity would also
make CNOs more soluble than SWNTs, allowing for easier manipulation. The ultimate
goal in the search for an optimal electron acceptor would be a molecule which equals or
exceeds the electron accepting properties of C60 and is large enough to stabilize charge
while still being readily soluble in organic solvents to allow for easy manipulation. This
may be possible by having a CNO with just a few shells. Though there have been a few
reports targeting the synthesis of CNOs containing only a few layers,26-30 the isolation of
CNOs containing less than 4 shells has not yet been realized.
One of the reasons for the lack of extensive investigation into the properties of
CNOs is the difficulty of their preparation. Ugarte was the first to see CNOs under an
electron beam in 1992.5 However, his method is only of historical importance as no
isolable quantities of CNOs can be obtained in this way. Kuznetsov et al.. have shown
that very high temperature annealing under vacuum of ultra dispersed nanodiamonds
leads to the formation of CNOs.31 This method is particularly interesting as it results in
gram quantities of CNOs with very high purity; however, the high temperature
maintenance of vacuum requires specialized and expensive equipment. As demonstrated
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by Sano et al.. CNOs can also be produced by arcing two graphite electrodes under
water.32 A similar method is used for the production of carbon nanotubes where arcing of
two graphite electrodes under high pressure of carbon monoxide (HiPCO) is used.33
However a single arcing experiment provides several grams of nanotubes but only a few
milligrams of CNOs while requiring almost 10 times the amount of starting materials.
Another limitation of the arcing experiment is that the size of the CNOs produced is
mostly 15- 25 nanometers which translates into 20 – 30 shells of fullerene. Various other
methods have been published in the literature for the synthesis of these CNOs,27 however
most of these methods have some limitations and generally are low yielding. In this
work, investigations into simpler and more economical methods for the preparation of
small CNOs and their properties are reported.
Considering the premise listed above, two main thrust areas for the development
of carbon nanoparticle-based photocells were investigated in this dissertation:
a) The exploration of CNOs as novel acceptor materials,
b) The study of various donor acceptor systems to investigate the optimum
configuration for the charge transfer process.
Chapter two details changes in the existing methods for the synthesis of CNOs as
well as investigations into new methods of synthesis for small CNOs. This involves
modification to the arcing electrodes, changes in electrode configuration, and
modification of experimental conditions for annealing of nanodiamonds into CNOs. In
the latter half of the chapter, the size reduction of CNOs using various oxidative
degradation procedures such as supercritical water treatment and treatment with
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concentrated acids is explored. Alternate strategies for obtaining small CNOs by partially
converting nanodiamonds into CNOs and then “peeling” them to achieve size reduction
are also investigated.
Chapter three deals with the comparison of properties of CNOs obtained from
arcing with those obtained by annealing nanodiamonds.34 Both types of CNOs were
extensively characterized by analytical techniques such as transmission electron
microscopy (TEM), Thermal Gravimetric analysis (TGA), Raman spectroscopy, X-ray
diffraction (XRD), NMR spectroscopy, and EPR sprectroscopy.

Three commonly

employed organic reactions were also performed on both types of CNOs; additions to
double bonds, radical additions and oxidation. The products obtained via these reactions
were completely characterized by Raman, TGA and TEM. This investigation helped to
determine which reactions could be successfully applied to CNOs in order to solubilize
them and study their solution properties
Chapter four deals with amidation of CNOs with various amine moieties. Since
the oxidation of CNOs results in the creation of a large number of carboxylic acid groups
on the surface, attachment of multiple groups with varying properties to the surface could
be realized. These groups caused the CNOs to become soluble in a variety of polar and
non-polar solvents, allowing the study of their solution properties for the first time. In
particular, the electrochemical behavior of CNO derivatives was investigated and the
construction of the first supramolecular donor acceptor dyad with CNOs was
demonstrated.
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Chapter five addresses the second thrust area in the development of photovoltaic
devices, investigating the donor acceptor systems to determine optimum configuration for
the charge transfer process. In this study, fullerene-porphyrin donor acceptor dyads with
various linkers synthesized by the Schuster group35, 36 at New York University and the
Langa group37 at Univ. de Castilla-La Mancha in Toledo Spain were investigated using
electrochemistry as a tool for studying charge transfer.
Chapter six discusses two compounds based on the Calix[6]crown-4 architecture
which show anion recognition properties, especially towards fluoride and acetate anions.
These have potential applications in the development of supramolecular anion sensors.
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CHAPTER TWO
SYNTHESIS OF CARBON NANO ONIONS (CNOS)
Introduction
As seen in chapter 1, the discovery of fullerenes ushered a new era of carbon based
nanoparticles. Since then the fullerene family has slowly grown from its two initial
members2 (C60 and C70) to include a series of other molecules38 such as C76, C78, and C84
as well as fullerenes encapsulating atoms such as hydrogen39, helium,40 nitrogen41 and
metals such as scandium42. However the size of the fullerene cage synthesized has always
been at or below 100 carbons. Larger fullerenes have never been isolated probably due to
their low kinetic stability. It is widely believed that these never form under the conditions
typically used for the synthesis of fullerenes. Thus a completely different approach needs
to be taken in order to synthesize these larger fullerenes.
As described before in the introduction, Ugarte reported in 1992 the discoverey of a
nested fullerene structure with each fullerene separated by a distance of 0.34 nm while
investigating nanoparticles under TEM conditions.5 These nested fullerenes were called
carbon nano onions (CNOs) due to their onion-like structure. Since then, two main
methods for the preparation of CNOs have been published. In 1994, Kuznetsov
discovered that CNOs could be obtained by annealing nanodiamonds under high vacuum
and high temperature conditions.31 It has been proposed that the mechanism of
transformation of the nanodiamonds to the CNOs involves a zipper like mechanism as

depicted in Figure 2.1 where three [111] planes in a nanodiamond transform into two
sheets of graphite due to the equal distribution of carbons from the middle layer.43

Figure 2.1 Proposed mechanism of formation of CNOs from ND's (reproduced from
reference 43)

Although this method leads to the formation of CNOs which are small in size (5-6
nm) it proved to be extremely difficult to operate and maintain vacuum at such high
temperatures and thus this method has found limited use.
In 2001, Sano et al. discovered an entirely new synthetic strategy which involved
arcing graphite electrodes under water.32 This method is the most popular among the
various groups investigating CNOs. It is well known that arcing graphite under a helium
atmosphere produces mainly multishell carbon nanotubes.44 On changing the arcing
environment from helium to water, CNOs can be synthesized. Sano has proposed an
interesting mechanism for the formation for these CNOs. According to Sano, arcing
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underwater heats up the water and creates a bubble of gas around the arc. In this bubble
the products from the arc (mainly carbon radicals and ions) are spherically constrained as
shown in Figure 2.2 44

Figure 2.2 Formation of CNOs by arc discharge (reproduced from reference 44)

The bubble itself can be divided into two zones; zone 1 consists of the violent
region where the products of the arcing are expelled directionally. This region gives rise
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to the formation of nanotubes. However as the distance from the arc increases the
products move into zone 2. Here the products, which are still spherically constrained,
now move in a more random direction giving rise to spherical CNO structures. The
CNOs continue to grow as they migrate away from the arc and into the water medium.
Once inside the water medium their growth is stopped and the CNOs float to the surface.
This method produces CNOs with sizes ranging from 20-30 nm. One of the major
drawbacks of the method is that each graphite rod weighing about 8 grams produces only
50 milligrams of CNOs and it takes about 6 hours to arc the entire rod. Several other
methods have also been published.26-28, 30, 45 However as compared to the product yield
these methods are too expensive for practical implementation. Therefore a thorough
investigation of CNOs cannot be carried out unless a reliable and cost effective synthetic
strategy is developed with which bulk quantities of CNOs can be obtained. This chapter
deals with the examination and modification of synthesis methods of CNOs.
Since arcing graphite underwater is the most convenient method in terms of setup
as well as cost, it is not surprising to find that most articles that have been published until
date report the properties and functionalization of CNOs produced using this method.
Hence, reproducing the conditions required to synthesize CNOs using arcing should serve
as a good starting point for the improvement of CNO synthesis. Parameters can then be
varied based on the results obtained.
Experimental details:
All arcing experiments were performed using an apparatus similar to the one
reported by Sano et al..44 and later built in our laboratory.46 In this apparatus two graphite
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electrodes (POCO grade ZXF-5Q) were connected to the negative anode (0.25 inch
diameter) and the positive cathode (1 inch diameter) terminals of a DC power supply and
were inserted in a reservoir of de-ionized water (18.2 MΩ). The automated motor on the
apparatus provided control over the electrode gap and thus a constant arc was ensured
between the two electrodes. Higher currents led to very violent arcs whereas very low
currents led to unstable arc discharges. Thus all arc currents were maintained at 28 amps
to ensure consistency unless stated otherwise. The arcing products were collected either
from the top or bottom of the reservoir.
The modified anodes were made by drilling holes in the center using different drill
bits ranging from 3 mm to 6 mm as shown in Figure 2.10. The modified cathodes were
made by drilling a hole of about 15 mm in the center such that the arc was confined
completely inside the cathode hole as depicted in Figure 2.12
Materials:
High

purity

ultra

dispersed

nanodiamonds

(purchased

from

www.nanodiamond.com) were used as obtained. Copper grids coated with formvar
stabilized with holey/lacey carbon purchased from Ted Pella, Inc were used for
Transmission Electron Microscopy (TEM) studies. All chemicals were used without any
further purification.
The heating of nanodiamonds under reduced pressure was achieved by evacuating
a commercially available glass ampoule containing a known amount of nanodiamond and
then sealing it using an oxy-propane torch and heating it in a regular furnace up to 700
o

C.
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The heating of nanodiamonds under an inert helium atmosphere was carried out
by placing 100 mg of nanodiamond in a graphite crucible followed by transfer of the
crucible to a carbonization furnace. The air in the furnace was removed by applying
vacuum followed by purging with helium. The process was repeated twice to ensure
complete removal of air. The nanodiamonds were then heated up to 1500 ºC under a
helium atmosphere using a heating ramp of 20 ºC per minute. The final temperature of
1500 ºC was maintained for one hour and then the material was slowly cooled to room
temperature over a period of one hour. The furnace was opened and the transformed
CNOs were annealed in air at 400 ºC to remove any amorphous carbon that may have
been present in the sample. This procedure yielded pure CNOs (92 mg, 92%).
Results and discussion
Synthesis of CNOs by arcing graphite under water: Around 52 mg (6.5%) of floating
material was collected from arcing one rod weighing 8 grams. The materials collected
were then dried in a vacuum oven followed by annealing in a furnace at 400 oC in air to
remove any amorphous material. A representative TEM image of these CNOs is shown in
Figure 2.3 and Figure 2.4. As seen in the case of Sano et al. the arcing of graphite under
water leads to the formation of CNOs having 20-30 shells (15-25 nm)32. Most CNOs
formed have a hollow core of about 4 nm. The spacing between the shells is on average
0.34 nm, which corresponds well with the π-π stacking distance of graphite. The sample,
on inspection by TEM, appears to contain approximately some multiwalled nanotubes as
impurities. The CNOs formed using these methods have been designated as arcing CNOs
(A-CNOs).
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Figure 2.3 HRTEM of A-CNOs obtained from arcing graphite rods under water
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Figure 2.4 LRTEM of A-CNOs obtained from arcing graphite rods under water

CNOs from annealing of nanodiamonds: Although high temperature and high vacuum
furnaces are known to produce CNOs, this equipment is expensive and therefore not
readily available. Thus an alternative heating protocol was needed. Pyrex is known to
withstand temperatures of 700 oC. A thick walled pyrex ampoule can be used to heat
nanodiamonds up to this temperature. In addition the ampoule can be evacuated and the
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nanodiamonds can be heated under reduced pressure or partial vacuum making the
process very economical.

Figure 2.5 LRTEM of CNOS annealed at 700 oC in an evacuated glass ampoule
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Figure 2.6 HRTEM of CNOs after annealing in an evacuated glass ampoule at 700 oC

Figure 2.6 shows the products recovered after heating nanodiamonds as described
above. It can be clearly seen that onion-like structures are obtained upon completion of
the heating process. However on close examination, it was observed that the CNOs
formed do not have a hollow core; instead they have a solid mass at the center indicating
incomplete conversion. Nonetheless this result was particularly encouraging as it
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indicated that CNO formation can take place under partial vacuum conditions, albeit not
to completion. This result also helped us to elucidate that CNO formation starts from the
outside of the nanodiamond and migrates inward, indicating the directionality of the
transformation. Although this structure may have its own applicability due to the
simultaneous presence of graphite and diamond in the same particle, it was not the
desired product. Thus other synthetic methods were necessary in order to achieve the
complete transformation of nanodiamonds to CNOs.
Though all of the articles reporting the synthesis of the CNOs also reported the
use of vacuum,31, 47-50 none of them cite a particular reason as to why it was necessary. In
order to investigate the effect of vacuum on the synthesis of CNOs it was decided to heat
nanodiamonds in a carbonization furnace under a positive pressure of helium.
Carbonization furnaces using a graphite heating element are regularly used in the
synthesis of carbon fibers as well as other carbon structures.51, 52 In addition to the fact
that they are able to attain high temperatures they also prevent contamination of carbon
based products due to their all carbon core. To avoid any kind of metallic or inorganic
contamination a weighed amount of nanodiamonds were placed in commercially
available graphite crucible and transferred to the carbonization furnace. Air in the furnace
was subsequently replaced with helium using a series of pump/purge cycles. The furnace
was heated to 1500 oC using the heating ramp shown below (Figure 2.7). At the end of
the heating cycle the products were collected and analyzed by TEM.
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Figure 2.7 Heating ramp for the conversion of nanodiamonds to CNOs
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Figure 2.8 HRTEM of CNO obtained from nanodiamonds [N-CNO]. Scale bar represents
5 nm.

Figure 2.8 shows the TEM of the material obtained from annealing nanodiamond
particles at 1500 ˚C under helium. As clearly seen from the image, the sample contains
exclusively CNOs. No nanotubes or unconverted nanodiamonds are observed. These
CNOs have an average size of 5 nm and consist of 6-8 shells. This is consistent with the
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initial nanodiamond particle size employed (average of 5 nm) and is comparable to the
CNOs obtained by Kuznetsov et al.. under high vacuum. The core of these CNOs also
appears to be around 1 nm. The CNOs show interlayer distances of 3.3 Å which
corresponds to the distance between graphene sheets. These CNOs will be referred to
hereafter as nanodiamond CNOs (N-CNOs).
It can be concluded that the application of vacuum is not a requirement for the
synthesis of N-CNOs. This approach, to the best of our knowledge, is the most
economical and high yielding synthetic method for the synthesis of N-CNOs.

The

properties of these N-CNOs will be discussed in later chapters.
Synthesis of size specific CNOs: In the previous section, two distinct methods of
CNO synthesis yielding moderate to good amounts of CNOs were described. The
principal difference between the two methods was the size of the CNOs formed. While
arcing under water almost exclusively resulted in 25-30 shell large A-CNOs, the
annealing method resulted in 6- 8 shell N-CNOs. However CNOs with fewer than 5
shells could not be prepared by either method. Since 2-shell CNOs with C60 at the core
will theoretically have the structure C60@C240 (Figure 2.9) it would be very interesting to
see if these molecules are comparable or better electron acceptors when compared to C60
and other single shell fullerenes.
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Figure 2.9 Model of C60@C240
Furthermore, 2- and 3- shell CNOs will open up a new area in fullerene
chemistry, as C240 by itself cannot be produced using known fullerene production
methods. In order to achieve the goal of synthesizing small CNOs several strategies can
be envisioned. Some of the strategies applied are discussed below.
Modification of the arcing electrodes: In the method published by Sano et al. it was
proposed that changing the geometry of the electrodes would lead to a change in the
migration of carbon particles formed from the arc, thus directly affecting the size and
yield of CNOs.6. To test this hypothesis, changes were made to the electrode geometry.
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Effect of modification of anode: We hypothesized that by reducing the amount of
carbon in the rods used for arcing, accomplished by drilling holes in the anode itself, the
size of CNOs obtained would decrease. In order to test this hypothesis the hollow rods
were arced using the same conditions as before.

Figure 2.10 Graphite rods with holes of different diameter

It was observed that using hollow rods did not show any reduction in the size of
CNOs formed; however, the size of the hollow core in these particles increased as the
amount of carbon was decreased. As seen in TEM, structures containing approximately
4-5 layers were formed during this arcing with huge cores ranging from 5- 20 nm.
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Figure 2.11 CNOs produced by arcing hollow rods

These structures may have very interesting applications as their mass per unit
volume should be significantly low. These CNOs can most likely be used as carbon
fillers where low mass is the primary criteria. However, the yield obtained from arcing
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hollow rods was significantly lower than arcing solid graphite rods, presumably due to
the lower carbon input provided.
Effect of modification of the cathode: In the arcing process the cathode remains intact
while the anode is consumed. However the shape of the cathode may greatly influences
the shape of the particles formed as well as the yield. For example, modification of the
cathode into the particular geometry seen below (Figure 2.12) would result in the arc
being constrained in the cavity of the cathode.

Figure 2.12 Arcing using a modified cathode

Once the arcing begins, water is completely excluded from the arc due to the
expulsion of gases evolved during arcing. This probably results in a more chaotic carbon
environment around the arc, as well as the absence of any cooling from the water
medium. Figure 2.13 shows TEM of the CNOs resulting from using such an assembly. It
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can be seen that the CNOs formed are polygonal in shape and have sharp faceted edges.
The number of shells is much higher (~40) for each CNO.

Figure 2.13 CNOs produced using modified cathode

This modification also led to the production of large amounts of amorphous carbon and
greatly diminished yield.
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Supercritical water treatment of CNO’s: It has been demonstrated before that multiwalled
nanotubes can be thinned and opened using supercritical water treatment. Chang et al..
reported the stripping of multiwalled nanotubes using 4000 psi pressure at 400 oC.
Therefore a similar procedure could in theory be employed to remove shells from CNOs.

Figure 2.14. Supercritical water treatment of CNOs obtained from arcing graphite
underwater

Figure 2.14 shows the TEM of the products obtained after A-CNOs underwent
supercritical water treatment at 500 oC under a pressure of 28000 psi for 3 days. It can be
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clearly seen that the CNOs show unusual stability towards oxidation as no peeling was
observed. Similar results were observed when N-CNOs were treated as well.
Sonication or reflux in concentrated mixtures of oxidant acids (H2SO4, HNO3): An
alternative method which has proven to be very effective for cutting nanotubes and
exfoliating graphite is treatment with concentrated acid solutions. The surface of single
and multiwalled nanotubes has defects in the form of sp3-hybridized carbons. These
defects can be converted to carboxylic acid groups using strong oxidizing conditions
provided by acid mixtures. The loss of these oxidized carboxylic acid groups as carbon
dioxide leads to disintegration of the shell and the remaining fragments are lost as
amorphous carbon. Since CNOs have a similar structure to multiwalled nanotubes, it can
be expected that CNOs would also be peeled shell by shell using this strategy.
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Figure 2.15 A-CNOs from arcing after oxidation with 3:1 HNO3:H2SO4
Figure 2.15 shows the effect of treating A-CNOs with a 3:1 nitric/sulfuric acid
mixture. The CNOs show remarkable stability toward acid treatments and even after 48
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hours only a few shells showed partial damage. On the contrary N-CNOs were
completely destroyed after this treatment.

Figure 2.16 N-CNOs after treatment with 3:1 HNO3/H2SO4.
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Figure 2.17 HRTEM of residue obtained from oxidation of CNOs with conc. HNO3
Since this treatment led to complete destruction of N-CNOs, milder conditions as
described below were tried. In the first attempt, N-CNOs were oxidized using
concentrated nitric acid only. When the acid was separated from the product after
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treatment, two phases were observed: a brown transparent solution and a black solid
residue. The mass of the residue obtained was less than 5% of the starting CNOs. TEM of
the solution as well as the solid were independently performed.
Figure 2.17 shows the TEM of the black solution obtained after oxidation. It was
observed that only larger CNOs were present in the sample. These large CNOs are
probably a product of the conversion of trace amounts of larger nanodiamonds to CNOs.
Such nanodiamonds of anomalous size have been observed before in the detonation
synthesis. The CNOs obtained from the residue show extensive oxidation and peeling of
their outer shells, indicating that the smaller CNOs were completely oxidized and either
rendered soluble due to large numbers of surface functional groups or were destroyed. On
the other hand these larger CNOs were partially oxidized and therefore were not soluble.
The TEM of the brown solution showed fragments of carbon CNOs along with a
significant amount of amorphous debris, confirming that the oxidation conditions are too
violent towards the smaller 6-8 shell CNOs (Figure 2.18)
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Figure 2.18 TEM of the residue obtained from the brown solution after oxidation of
CNOs using conc. HNO3
Peeling of partially converted CNOs: As mentioned before, annealing nanodiamonds in a
helium atmosphere converts them into CNOs with an average size of 5 nm.
Nanodiamonds can also be partially converted to CNOs while leaving a smaller core of
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nanodiamond intact. This core, as evidenced from TEM, is smaller than the 5 nm
nanodiamond crystallite. Thus, if the shells of the partially formed CNOs are removed
then it should be possible to recover smaller nanodiamond crystallites. Such crystallites
should, in principle, produce smaller CNOs upon annealing. In addition, since such
crystallites have never been observed before, it would be interesting to investigate their
properties and their reactivity.

Figure 2.19 Synthetic strategy for small CNOs

In the previous experiment it was observed that the use of 3:1 HNO3/H2SO4, as
well as concentrated HNO3, resulted in the complete destruction of CNOs with 6-8 shells.
Therefore, in order to remove the shells from partially converted CNOs, oxidation would
most likely be the method of choice. The protocol for the synthesis of small CNOs is
given in Figure 2.19
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Figure 2.20 Partially converted CNOs

Figure 2.20 shows the TEM of the partially converted CNOs which were obtained
by heating nanodiamonds in the furnace under helium at 1100 oC. The TEM shows
various partially converted CNOs with nanodiamond cores ranging from 2-3 nm.
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Following the heating, the partially converted CNOs were transferred to a flask and
heated in a 3:1 nitric/sulfuric acid mixture. After oxidation for 24 hours, the residue was
collected and then annealed at 1500 oC.

Figure 2.21 TEM of CNOs after peeling; four shell CNOs are seen in large numbers.
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Figure 2.21 shows a TEM of the sample obtained after this treatment. It can be
clearly seen that most CNOs have been peeled from 6-8 shells to 4 shells. Thus the
peeling strategy produced smaller CNOs; however some large CNOs with just two shells
were also observed, indicating that the small nanodiamond can either be transformed into
small 4-shell CNOs or larger 2-shell structures with relatively large cores. Therefore,
these CNOs needed to be separated in order to determine their properties and develop
their applications. However, the major problem with the separations is that none of the
CNOs synthesized are soluble in any solvent. Due to this, the solution properties and
reactivity of these particles are not known. These must be studied in order to effectively
separate these particles. This will be addressed in the next chapter.
Conclusions
CNOs can be synthesized by arcing graphite underwater as well as by annealing
nanodiamonds. As previously demonstrated, heating under vacuum is not a requirement
for the synthesis of CNOs. Partially converted CNOs can be obtained by heating
nanodiamonds at a low temperature under reduced pressure or under a helium
atmosphere. These partially converted CNOs can be used for the synthesis of smaller
CNOs using the peeling methodology described above. The arcing as well as annealing
methodology will, under some circumstances, produce CNOs with large cores which may
be useful as carbon fillers in low mass-high volume polymers. CNOs show unusual
resistance to supercritical water treatment.

The synthesis of CNOs by annealing

nanodiamonds is much more economical and convenient than arcing graphite underwater.
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This synthetic method may eventually become the one most preferred for the preparation
of these particles.
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CHAPTER THREE
REACTIVITY DIFFERENCES BETWEEN CARBON NANO ONIONS (CNOS)
PREPARED BY DIFFERENT METHODS34
Introduction:
In the previous chapter two methods of preparation for CNOs were described. The
annealing of ultra dispersed nanodiamond particles (5 nm average) under helium mainly
produced small CNOs from nanodiamonds (N-CNOs) with 6-8 shells (5 nm) while the
arcing of graphite underwater led to the formation of large CNOs (A-CNOs) with
diameters in the range 15-25 nm (20-30 shells). These two samples offered the unique
possibility to compare and contrast their physical properties and chemical reactivity.
The extreme insolubility of CNOs has precluded the investigation of their bulk
properties in solution. Until now, there have been only two reports of chemical
functionalizations of CNOs which lead to modest solubility levels in common solvents.46,
53

Both functionalizations have been carried out only on A-CNOs. Surprisingly no

functionalization of CNOs produced by any other methods has ever been reported. NCNOs have smaller radii and consequently higher curvature. It is known that fullerene
reactivity is partially dictated by the degree of surface strain: the higher the curvature, the
greater the reactivity.12 Therefore the reactivity of small CNOs is expected to be greater
than that of larger CNOs.
Here we compare the physico-chemical properties of CNOs obtained by the two
methods, as well as the size-dependant reactivity differences.

Materials:
High

purity

ultra

dispersed

nanodiamonds

(purchased

from

www.nanodiamond.com) were used as obtained. N-CNOs were prepared using the
method described in chapter 2. For comparison purposes, A-CNOs (200 mg) were also
synthesized as previously described.44,
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Dodecyl malonate was obtained following a

previously reported procedure.54 Copper grids coated with formvar stabilized with
holey/lacey carbon purchased from Ted Pella, Inc were used for Transmission Electron
Microscopy (TEM) studies. Chemicals were used without further purification.
Instrumentation:
Solid State MAS NMR was performed on a Bruker Avance 500 MHz instrument
fitted with a 4 mm magic angle spinning probe-head. Low resolution TEM images and
EDS spectra were obtained using a Hitachi Model 7600 (120kV) microscope; high
resolution TEM images were obtained using a Hitachi Model 9500 (300kV) microscope.
The samples were prepared from either solution or dispersion followed by deposition on
the copper grids. TGA was performed using a Mettler TGA/SDTA85i in an alumina pan
using a typical sample size of around 2 mg. The maximum temperature was set at 850 ºC
with the heating ramp set at 20 ºC/min. Raman spectra were recorded using a Renishaw
1000 Raman spectrometer. The excitation source was the 785 nm emission line of a near
infrared laser. X-ray Powder diffraction was performed on a Scintag 2000 system with a
germanium detector. X-band EPR powder spectra were recorded at room temperature
using a Bruker EMX spectrometer. ATR-IR spectroscopy was performed using a LT
Quantum 1200 NIR with Fiber Optics Reflectance Head
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Experimental details
Synthesis of cyclopropanated: CNOs A-CNOs or N-CNOs (15 mg) were dispersed under
argon in anhydrous o-dichlorobenzene (20 ml) using a sonicator. Dodecylmalonate (60
mg,

0.14

mmol),

carbon

tetrabromide

(135

mg,

0.41

mmol)

and

1,8-

diazabicyclo[5.4.0]undec-7-ene (0.15 ml, 1.00 mmol) were added and the mixture was
stirred for 24 h under argon. After centrifugation the recovered solid was washed several
times with dichloromethane and dried in a vacuum oven at 50 ºC. In the case of CNOs
coming from nanodiamond, the material obtained (18 mg) showed a 20 % increase of
mass. No increase of mass was observed in the case of A-CNOs.
Synthesis of phenylated CNOs: A-CNOs or N-CNOs (30mg) were dispersed under argon
in anhydrous toluene (30 ml) using a sonicator. Benzoyl peroxide (100 mg 0. 41 mmol)
was then added and the mixture was refluxed for 2 hours under argon. After cooling, an
additional amount of benzoyl peroxide (100 mg 0. 41 mmol) was added and the mixture
was refluxed for two more hours. Finally, benzoyl peroxide (100 mg 0. 41 mmol) was
again added and the mixture was kept under reflux overnight. The mixture was
centrifuged and the recovered solid was washed several times with dichloromethane and
dried for 4 h in a vacuum oven at 50 ºC. The recovered solid (33 mg) showed an increase
of mass of 10% in the case of the N-CNOs. No increase of mass was observed with ACNOs.
Synthesis of aryl-sulfonated CNOs A-CNOs or N-CNOs (30 mg) were dispersed in
fuming H2SO4 (20 ml) containing 30% of SO3 using a sonicator. The dispersion was then
heated at 80 ºC for 2 h and then poured over ice. After centrifugation, the obtained solid
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was washed several times with water and dispersed in 1.0 M aqueous sodium hydroxide
(30ml) using a sonicator. The mixture was refluxed overnight and centrifuged again. The
recovered solid was washed several times with water and dried overnight in a vacuum
oven at 60 ºC. Sonication of this material for 30 seconds in water led to very stable
dispersions (no settling down over several weeks). Product yield based on mass of
starting CNOs was 64%.
Synthesis of carboxylated CNOs: A-CNOs or N-CNOs (50 mg) were dispersed in 3.0 M
aqueous nitric acid (30 ml) using a sonicator. After refluxing for 48 h, the dispersion was
centrifuged and the recovered solid was washed several times with water and dried
overnight in a vacuum oven at 100 ºC. No loss of mass was observed during this process.
More aggressive conditions were also attempted with both types of CNOs. The CNOs (50
mg) were dispersed in a (1/1) mixture of concentred HNO3 and H2SO4 acids and refluxed
for 48 h under argon. The crude mixture was then poured over ice and centrifuged. No
solid was recovered in the case of N-CNOs. The recovered solid in the case of A-CNOs
(25 mg) was washed several times with water and dried overnight in a vacuum oven at
100 ºC.
Results and Discussion
The original annealing procedure described by Kuznetsov et al.. involved heating
nanodiamond particles under high vacuum.6 However, in the course of our experiments,
we observed that highly pure samples of CNOs, with the same morphology and size,
could be also obtained by using a 5 psi pressure of helium. This modification led to a
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more practical synthetic method that eliminated completely the need for a high vacuum
system.
Characterization of the CNOs :Transmision Electron Microscopy [TEM]: As seen

Figure 3.1 Low resolution TEM of A) crude nanodiamonds [low resolution] B) crude
nanodiamonds [high resolution] C) Crude N-CNOs [low resolution] D)
crude N-CNOs [high resolution] (scale bar represent 20 nm in A and C and 2
nm in B and D).
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in chapter 2, TEM is a very valuable tool for analyzing the transformation of
nanodiamonds to CNOs. The low resolution TEM micrographs of nanodiamonds in
Figure 3.1A shows the distribution of particle sizes in the as-obtained nanodiamond
sample Although there are some particles having sizes as large a 20 nm, most of the
particles are around 5 nm diameter. Lattice fringes with spacing around 2.1 Å between
them, corresponding to the [111] planes of diamond, are seen in Figure 3.1B. Upon
annealing at 1500 oC the nanodiamonds were completely transformed to N-CNOs (Figure
3.1C). Due to the transformation the distance between the fringes changed to 3.4 Å,
corresponding to the [002] planes of graphite (Figure 3.1D). The transformation was
almost complete with no amorphous carbon or nanotubes present in the sample. No
residual nanodiamonds were observed. The onions appeared to be slightly larger in size
than the initial nanodiamonds which may be attributed to the increase in volume due to
the decrease in the density of the nanoparticles as they convert from diamond to graphite.
As seen in Figure 3.2 the A-CNOs obtained from arcing showed similar characteristics;
however, as stated before, the diameter of A-CNOs obtained by using this method is
approximately 20 nm.
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Figure 3.2 Comparison of structure of high and low resolution TEM of A-CNOs (A&B)
with N-CNOs (C and D). [Scale bar represent 20 nm in low resolution
images (A& C) and 5 nm in high resolution images (B& D ]

X-Ray diffraction [XRD]: The interlayer distance in the different nanoparticles
(nanodiamonds, N-CNOs and A-CNOs) was further confirmed by X-ray powder
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diffraction. As seen in Figure 3.3, A-CNOs show a d-spacing of approximately 3.4 Å,
similar to the interlayer distance in graphite. In contrast, nanodiamonds have a d-spacing
of 2.1 Å which is transformed to 3.4 Å after the annealing process for their conversion to
CNOs (Figure 3.3).

These measurements are consistent with CNOs obtained from

annealing nanodiamonds under high vacuum as previously described. A small residual
peak at the distance [2.1 Å] corresponding to the [111] plane was also seen in the XRD of
N-CNOs. However, the presence of this peak in the XRD of A-CNOs indicates that it is a
characteristic of the CNOs irrespective of the method of formation and maybe due to
small amount of unconverted nanodiamonds in the sample. The XRD of N-CNOs shows
a broad hump between 3.5 to 4.0 Å. This is probably a result of core compression. We
have seen before that the nanodiamonds are converted to CNOs by successive
transformation of outer shells. Also, every 3 planes of nanodiamonds are transformed into
2 shells of CNOs. As the conversion progresses inward, the pressure inside the CNO
increases. This phenomenon is called core compression and leads to small variances in
the d-spacing of the [002] planes of the CNO from the graphitic value of 3.4 Å. The
presence of these distances leads to the broad peak in the XRD. Conversely, A-CNOs are
formed directly from the carbon ions and radicals during the arcing. Thus the inside
shells are formed before the outside ones, leading to nearly equidistant arrangements of
the shells with respect to one another.
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Figure 3.3 X-Ray powder diffraction of nanodiamonds
NMR Spectroscopy: NMR spectroscopy is routinely employed in the study of organic
molecules for structure determination as well as to determine the nature of the carbons in
the molecule. It is well known that in

13

C NMR, the sp2-hybridized carbons show a

chemical shift above 100 ppm. For example, in solution, C60 shows a singlet at 140 ppm
due to the presence of 60 equivalent sp2-hybridized carbons. However, single walled
nanotubes as well as CNOs are insoluble, making their analysis impossible by solution
state NMR. The studies of these nanoparticles using solid state NMR is also hindered
due to chemical anisotropy and

13

C-13C dipolar coupling, which causes significant line
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broadening. In order to reduce this broadening, high resolution magic angle spinning
(HRMAS) solid state NMR has been employed for the study of these nanoparticles. In
this technique, the sample is spun at a 54.7o angle, which is also known as the magic
angle. The dipolar coupling (D) is proportional to the spinning angle:
D ≈ 3cos2θ-1
therefore, at θ = 54.7, cos2θ is ⅓ and D ≈ 0.
employed to obtain

13

MAS-NMR spectroscopy has been

C NMR spectra of pristine SWNTs. The spectrum shows a broad

resonance which is centered around 120 ppm, indicating the presence of the sp2 carbon
framework and a full width at half maximum of 10 ppm which is considered a measure of
the degree of polydispersity.55 Thus, in order to confirm the nature of hybridization of the
carbons, HR-MAS solid state NMR spectroscopy was performed on both N-CNOs and ACNOs.
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Figure 3.4 HR-MAS 13C NMR spectra of A-CNOs and N-CNOs.

The comparative spectra obtained (Figure 3.4) clearly show resonances above 100
ppm in both CNO samples, substantiating the presence of an all sp2 carbon framework in
these nanoparticles. N-CNOs show a FWHM of 20 ppm while A-CNOs show the FWHM
around 40 ppm, indicating that A-CNOs are much more polydisperse than N-CNOs.
Thermal Gravimetric Analysis (TGA): Thermogravimetric analysis is a technique
employed to study the degradation of a sample as a function of temperature. Thermal
degradation under aerobic conditions is a useful tool to study the stability of CNOs as
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well as for confirmation of functionalization. In this technique, the sample is placed on a
balance in a thermally stable pan progressively heated until the sample undergoes
decomposition. As the sample continues to decompose it will lose mass in the form of
evolved gases. Since heating at elevated temperatures transforms carbon in the form of
diamond into CNOs, it may be expected that CNOs are more stable than the initial
nanodiamonds.

Figure 3.5 TGA under air of A-CNOs and N-CNOs.
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Figure 3.5 compares the thermal stability of N-CNO and A-CNOs in air.
Remarkably, N-CNOs show noticeably higher stability than even A-CNOs.

The

decomposition of N-CNOs starts at 700 ºC. In contrast, the larger A-CNOs show lower
thermal stability and undergo decomposition at 500 ºC. 56
The enhanced stability of N-CNOs may be attributed to the fact that during their
synthesis, they are heated for 1 hour (1650 oC) and are subsequently cooled down very
slowly. The slow cooling process may allow for structural reorganization to a
thermodynamically more stable structure. In contrast, A-CNOs are rapidly cooled down
as they are produced by the surrounding solvent medium (water).
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Figure 3.6 Increase in thermal stability in air of the A-CNOs after annealing under a
helium atmosphere at 1650 ºC and 2300 ºC, respectively.

In order to verify this hypothesis, A-CNOs were annealed under helium followed
by a period of slow cooling. Indeed, as shown in Figure 3.6, the thermal stability of these
CNOs significantly increased after annealing at 1650 ºC for an hour. Annealing these
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CNOs at 2300 ºC for one hour eventually resulted in a thermal stability comparable to
that of N-CNOs.
Raman Spectroscopy: The Raman spectrum of single crystals of graphite exhibits a
narrow band at 1575 cm-1 originating from the vibrations of the sp2 framework. The
Raman spectrum of all other carbon materials shows an additional band around 13001350 cm-1. The former is called the G-band and the latter the D-band. The intensity of the
D-band increases as the average size of the crystallites in the surface layer decreases.

Figure 3.7 Comparison of Raman spectra of A-CNOs and N-CNOs.
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Therefore the intensity of this D-band indicates the number of defects (sp3
carbons) in the surface layer of graphite. In this way, the number of defects in the
graphitic layers can be estimated from the ratio of the intensities of the D- and G-bands.
56

. The Raman spectrum of CNOs from both sources exhibit D- and G-bands57 58. The D-

band appears at around 1313 cm-1 and the G-band at 1581 cm-1 for A-CNOs (Figure 3.7).
On the other hand, the corresponding bands appear at 1307 cm-1 and 1593 cm-1,
respectively, in case of N-CNOs. The D to G peak height ratio is 0.8 for A-CNOs and 1.4
for N-CNOs. This indicates that the small N-CNOs contain more defects than in the large
A-CNOs. This is also confirmed from the width at half maximum of the G-band, which is
broader for N-CNOs than for A-CNOs.58 Interestingly, Raman and TGA studies indicate
that the structure of N-CNOs is more defective and simultaneously more
thermodynamically stable than the structure of A-CNOs. This is another example where
defects lead to stability, presumably for entropic reasons.
EPR Spectroscopy: EPR spectroscopy has been employed frequently to study radicals in
carbon materials. Tomita et al.. have reported that both nanodiamond particles, as well as
CNOs obtained from these particles, show a narrow EPR signal with a g value of 2.002
and a line width of 8.5 G when irradiated with an electron beam.50 This signal has been
attributed to the presence of dangling bonds associated with radicals on the outermost
shell of CNOs. We observed an analogous signal with a g value of 2.001 and a line width
of 16.5 G (Figure 3.8), thus confirming that CNOs formed by the annealing methodology
under helium are similar to those formed by annealing nanodiamond particles under an
electron beam. Interestingly, CNOs obtained from arcing do not display an EPR signal
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and thus do not seem to have the paramagnetic properties of their smaller counterparts.
The presence of carbon radicals on the surface also suggests that the small N-CNOs may
more readily undergo radical reactions than the larger A-CNOs.

Figure 3.8 X-band EPR powder spectrum of N-CNOs.

Reactivity of CNOs: The most commonly employed reactions in organic chemistry can
be broadly classified into 3 groups: addition reactions, radical reactions, and
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oxidation/reduction reactions. Based on the different properties of the CNOs obtained
from the two sources, we can easily derive that their reactivity should be different. The
presence of a large number of sp2 carbons, as observed in the NMR spectra, should
render them susceptible to addition reactions. In addition, the Raman studies indicate that
N-CNOs have a larger number of surface defects than A-CNOs. Therefore, N-CNOs are
expected to be more susceptible toward reactions occurring at defect sites on the surface
than A-CNOs. Finally, the EPR results suggest that N-CNOs might readily undergo
radical addition reactions. In order to confirm these expectations, three reaction types
were attempted with CNOs obtained from arcing and nanodiamond annealing processes.
Cycloaddition reaction: Many addition reactions have been successfully employed in the
functionalization of fullerenes. Among these reactions, the [2+1] Bingel-Hirsch
cyclopropanation has been used extensively to functionalize C60.

Scheme 3.1 Cyclopropanation of CNOs

In this reaction, bromomalonate reagents (typically prepared in situ from the parent
malonate and CBr4) in the presence of 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU)
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undergo multi-cycloaddition at a [6,6]-double bond to give rise ultimately to a hexasubstituted fullerene product.59, 60
Based on the NMR results of crude CNOs indicating the presence of sp2 carbons,
we expected this reaction to lead to CNOs which are more dispersable in common
organic solvents. With this aim, dodecyl malonate ester was prepared following
published procedures.54 CNOs obtained through both preparation methods were reacted
with this malonate, carbon tetrabromide, and DBU in o-dichlorobenzene (ODCB) for 24
h. The mixture was then centrifuged and the collected solid was washed several times
with o-dichlorobenzene and dichloromethane in order to remove any traces of unreacted
reagents.

Figure 3.9 TGA in air of cyclopropanated CNOs.
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Figure3.10 Raman spectrum of cyclopropanated N-CNOs.

The residues obtained were characterized using ATR-IR, TGA, Raman spectroscopy, and
TEM.
TGA showed the removal of the malonate groups attached to the surface around
250oC. The subsequent oxidative degradation of the N-CNOs was also observed. In
contrast, the product obtained from the reaction with A-CNOs did not show any
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defunctionalization and the TGA resembles that of pristine A-CNOs, suggesting that the
reaction did not proceed under the experimental conditions used. The Raman spectrum of
the derivatized N-CNOs (Figure 3.10) confirmed the successful functionalization. An
increase in the intensity of the D-band at 1307 cm-1, explained by the formation of new
sp3 carbons, was clearly observed. Figure 3.11 shows the high resolution TEM of the
functionalized product.

Figure 3.11 TEM of cyclopropanated N-CNOs
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Although CNOs from both sources have sp2 carbons, as shown by the NMR
spectra, the [2+1] cycloaddition only took place with N-CNOs. This is, to the best of our
knowledge, the first cyclopropanation reaction reported on the surface of CNOs. We
believe that the reasons for the higher reactivity could be the larger curvature as well as
the higher surface to volume ratio of N-CNOs.
Free radical addition: The free radical addition reaction selected was previously
employed with SWCNTs by Liang et al..21 Following this procedure, CNOs were reacted
with benzoyl peroxide, which was the source of the phenyl radicals, as depicted in
Scheme 3.2

Scheme 3.2 Addition of phenyl radicals on CNOs

After completion, the reaction mixture was centrifuged and the residue was
washed several times with toluene and dried.
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Figure 3.12 (a) TGA of CNOs after phenyl functionalization
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Figure 3.13 Raman spectrum of CNOs after phenyl functionalization

Comparative TGA studies performed in air (Figure 3.12) revealed that in the case
of N-CNOs, an initial 25% mass loss was observed which was most likely due to thermal
defunctionalization followed by degradation of the CNOs. Once again, the residue from
the reaction with the larger A-CNOs showed absolutely no mass loss which suggested
that these CNOs had not reacted. The increase in the Raman D-band (Figure 3.12) in the
case of N-CNOs further confirmed their functionalization.
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Figure 3.14 X-band EPR powder spectra of the N-CNOs before (a) and after (b)
derivatization with the phenyl radicals.

EPR studies were performed on N-CNOs after functionalization in order to
determine the fate of the radicals present on the surface of the pristine CNOs (Figure 3.14
a).The absence of an EPR signal after reaction with phenyl radicals (Figure 3.14 b)
confirmed the assumption of Tomita et al.
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that all unpaired spins of N-CNOs were

present on the surface and corroborated the success of the functionalization reaction.
Since phenylated-CNOs were insoluble in organic solvents such as toluene or
chloroform, we decided to sulfonate the phenyl residues by dispersing and refluxing them
for 2 h in oleum (30% SO3 in H2SO4) followed by further treatment with NaOH. The
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reaction mixture was filtered and the solid obtained was washed several times with
deionized water to ensure complete removal of the excess sodium ions.

Scheme 3.3 Sulfonation of phenylated N-CNOs

Figure 3.15 Low and High resolution TEM of N-CNOs after phenyl sulfonation

The residual solid obtained after the washings was highly dispersible in water and
ethanol and resulted in a solution which was stable for months, similar to that observed in
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the case of single wall carbon nanotubes.61 TEM micrographs (Figure 3.15) of the
sulfonated product confirmed the presence of a large concentration of small CNOs in
these aqueous solutions. Energy Dispersive Spectroscopy (EDS) performed during the
TEM experiments confirmed the presence of sodium and sulfur in the sample (Figure
3.16). These results demonstrate that radical addition reactions are possible only on NCNOs.

Figure 3.16 . EDS of sodium phenyl sulfonate N-CNOs. Magnesium, copper, aluminium
and silicon are present as constituents the TEM grid.
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Oxidation of CNOs: The oxidation of surface defects to carboxylic acid groups has
already been described for single wall carbon nanotubes 6 as well as for A-CNOs.46

Figure 3.17 . TGA of CNOs after 3.0 M nitric acid treatment.
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Figure 3.18 Raman of CNOs after 3.0 M nitric acid treatment.

Since we have already shown that N-CNOs contain a larger number of defect sites
on the surface (Figure 6) than the larger A-CNOs, we decided to oxidize these sites in
order to introduce carboxylic acid functional groups which can be subsequently
employed to introduce other functionalities. TGA and Raman spectroscopy studies
(Figure 13) revealed that the defect sites on N-CNOs were oxidized after refluxing in 3.0
M nitric acid for 48 h.
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Figure 3.19 (a) TGA in air of A-CNOs after 1:1 HNO3-H2SO4 treatment.
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Figure 3.20 Raman of A-CNOs after 1:1 HNO3-H2SO4 treatment
The TGA analysis performed in air (Figure 3.17a) showed the thermal removal of
the carboxylic groups followed by the decomposition of the CNOs in air. Not only were
the N-CNOs more dispersible in water after oxidation, but the relative ratio of the D to Gbands in the Raman spectrum showed a significant increase, indicating an increase in the
number of surface defects. On the other hand, A-CNOs did not undergo any oxidation
when treated under the same experimental conditions (Figure 3.17a). More aggressive
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conditions were necessary to oxidize the surface of the larger A-CNOs. The required
treatment involved refluxing the CNOs for 48 h in a 1:1 mixture of concentrated nitric
and sulfuric acids.

Figure 3.21 . TEM of A-CNOs after refluxing in 1:1 mixture of conc. HNO3-H2SO4. NCNOs from nanodiamonds do not survive this treatment
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Clear evidence of the oxidation of A-CNOs under these experimental conditions
was obtained from TGA and Raman (Figure 3.19). The thermal removal of the carboxylic
groups prior to the degradation of the CNOs, as well as the increase in the Raman D-band
is observed. Under these aggressive conditions N-CNOs are completely destroyed.

A-

CNOs, however, survive as seen in TEM (Figure 3.21).
Conclusion
We have synthesized two types of CNOs. Large CNOs (20 to 30 shells, 15- 20 nm)
were produced from arcing graphitic rods under water while annealing of nanodiamond
particles (5 nm average size) produced small CNOs (6 to 8 shells, 5 nm). Analysis of
their physical properties (NMR, Raman Spectroscopy, TGA, X-Ray Powder Diffraction,
TEM, and EPR) showed pronounced differences. After conducting [2+1] cycloaddition,
free-radical addition, and oxidative reactions, we have concluded that N-CNOs are more
reactive than A-CNOs, even though N-CNOs are more thermodynamically stable. This
suggests that the reactions studied are under kinetic control. The higher degree of
disorder, along with the higher curvature of the surface of the N-CNOs, probably leads to
a lower activation barrier for the reactions than for A-CNOs.
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CHAPTER FOUR
AMIDATION REACTIONS OF CNOS
Introduction
In the previous chapter commonly employed organic reactions such as addition to
double bonds, radical additions, and oxidation reactions, which work fairly well with NCNOs obtained from annealing of nanodiamonds, were discussed. However, little or no
reaction was observed with larger A-CNOs, indicating that the size of the CNOs and the
reactivity are interrelated. Thus it is logical to investigate N-CNOs further; therefore in
this chapter only N-CNOs will be considered. For simplicity’s sake we will refer to NCNOs as just CNOs in this chapter.
The reactions performed on these CNOs can be used to attach multiple groups to
their surface, leading to an improvement in solubility and changes to their properties.
When compared to carbon nanotubes, which have been used for a variety of applications
ranging from polymer composites to photovoltaics and hydrogen storage, CNOs have
never been explored for such uses. The solubilization and alteration of properties may
lead to the discovery of new materials having similar potential applications. However, the
primary reason for varying the surface groups on the CNO surface is that they may lead
to their solubilization, which is of interest for two major reasons:
1) For effective separations of CNOs with fixed number of shells.
2) For studying their electronic properties in solution.
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As discussed in chapters 1 and 2 these may then be used as new individual
fullerenes in search of better electron acceptors for photovoltaics.
In the last chapter it was shown that among the various reactions applied to CNOs,
the oxidation of sp3 carbons to carboxylic acid groups led to a greater degree of
functionalization than A-CNOs and resulted in a large number of surface carboxylic acid
groups. These groups could be further modified by forming amide or ester linkages with
other moieties bearing amine or alcohol terminii. Octadecylamine and polyethylene
glycol have been frequently used for solubilization of nanotubes in non-polar or polar
media.6, 62 Thus attachment of these chains should render CNOs soluble in an appropriate
solvent.
Experimental Procedures
All chemicals and solvents used were commercially available and used without
further purification. 1H and

13

C-NMR spectra were recorded on a Bruker Avance 500

spectrometer. Chemical shifts were measured by using TMS as internal reference.
Transmission Electron Microscopy analyses were performed with a Hitachi H7600T
instrument operated at 120 kV and a Hitachi 9500 instrument operated at 300 kV. The
materials were sonicated in ethanol for 30 min and deposited on lacey carbon grids.
UV/Visible spectra were measured with a Shidmadzu UVPC- 3101 spectrophotometer
using a quartz cell with 1 cm path length. Thermal gravimetric analysis was conducted on
a Mettler TGA/SDATA851 instrument. In a typical experiment, 2 mg of CNOs are
placed in an alumina pan and heated under a constant flow (50 ml.min-1) of either air or
nitrogen. The Raman spectra were recorded on a Renishaw 1000 Raman spectrometer
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with a 520 nm incident radiation of an argon ion laser. Cyclic Voltammetry and
Osteryoung Square-Wave Voltammetry were carried out on a CHI-440 (CH Instruments
Inc) electrochemical workstation in CH2Cl2 containing 0.1 M Bu4NPF6 as supporting
electrolyte. A glassy carbon disc (diameter 1 mm) served as the working electrode and a
platinum wire was used as the counter electrode. A silver wire was also used as a pseudo
reference electrode. A small amount of ferrocene was added to the solution and used as
an internal reference.
Preparation of crude 6-8 shells CNOs: The CNOs were prepared as described in Chapter
2
Functionalization of CNOs with octadecylamine: 100 mg of crude 6-8 shell CNOs were
dispersed by ultrasonication for 30 min and refluxed for 48 h in 3.0M aqueous nitric acid.
The mixture was then centrifuged for 30 min and the black powder collected in the
bottom of the test tube was washed several times with deionized water and dried
overnight in a vacuum oven (T=100 ºC). 50 mg of the black powder collected was mixed
with 200 mg of octadecylamine in a glass ampoule. The ampoule was evacuated to 0.1
mbar before being sealed and heated at 170 ºC for 8 h. The ampoule was then opened
and the unreacted octadecylamine was removed by heating the sample at 170 ºC under
vacuum. The obtained black powder (259 mg) easily dissolved in various organic
solvents (>1 mg/mL, CH2Cl2, THF, hexane, toluene). Filtration of these solutions though
0.2 µm PTFE membranes left no residue on the filter.
Functionalization of CNOs with polyethylene glycol: 100 mg of crude 6-8 shell CNOs
were dispersed by ultrasonication for 30 min and refluxed for 10 min in concentrated
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nitric acid. The mixture was then centrifugated for 10 min and the black powder collected
in the bottom of the test tube was washed several times with deionized water and dried
overnight in a vacuum oven (T=100 ºC). 50 mg of the black powder collected was mixed
with 500 mg of polyethylene glycol (PEG1500N, MW =1500, referred in preceding text as
PEG) in a glass ampoule. The ampoule was evacuated to 0.1mbar before being sealed and
heated at 170 ºC for 24 h. The ampoule was then opened and unreacted polyethylene
glycol was removed by dialyzing the mixture using a spectrapore dialysis membrane
(MWCO 15000). The obtained black powder (259 mg) easily dissolved in various
organic solvents (<1 mg/mL, CH3OH C2H5OH CH2Cl2). In addition it was also soluble
in distilled water. Filtration of these solutions though 0.2 µm PTFE membranes left no
residue on the filter.
Functionalization of CNOs with 4 aminopyridine (Py-CNOs): Typically 100 mg of CNOs
were oxidized using a 3:1 mixture of sulfuric acid and nitric acid for 10 minutes.
Following this the acid was diluted with distilled water and the CNOs were separated
from the acid by centrifugation, washed with 0.1M sodium hydroxide, and finally with
water until a neutral pH was reached. The CNOs were further dried in a vacuum oven at
100 ˚C. The oxidized CNOs were then reacted with 4-aminopyridine in an evacuated
ampoule for 24 hours at 170 ˚C (Scheme 1). The ampoule was opened carefully and the
contents washed multiple times with dichloromethane to remove unreacted 4aminopyridine. The material was then resuspended in water, sonicated for about 30
minutes, and then filtered through a 0.2 µm PTFE membrane. The resultant solution was
dried and 36 mg of Py-CNOs were collected as a black residue.
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Results and Discussion
COOH
3.0 M Nitric acid

CONH(CH 2)17CH3

CH3(CH 2)17NH 2
2 h, 170 oC ,
Solid state,
H3C(H2C) 17HNOC

HOOC

Scheme 4.1 Synthesis of octadecylamine functionalized CNOs.

Octadecylamine functionalized CNOs: In order to study the electronic properties
of CNOs, excellent solubility in organic solvents must be obtained. In order to achieve
solubilization, functional groups which are large enough to solvate CNOs must be
attached to the surface. In addition, one of the important preconditions is also that the
group needs to be electrochemically inactive in the potential window studied.
Octadecylamine has been previously used for the solubilzation and consequent study of
the electrochemistry of SWNTs.62 Hence it was expected that similar functionalization
with ODA would result in highly soluble CNOs which could be studied by
electrochemistry.
In order to solubilize CNOs, functionalization was conducted as originally
described by for SWNTs,63 and later applied to larger CNOs in our laboratory.6 This
derivatization method entailed the treatment of these carbon species with nitric acid to
transform defective sites on the surface into carboxylic acids via oxidation. These
carboxylic groups were subsequently amidated with octadecylamine (ODA), as depicted
in Scheme 1, to produce ODA-CNOs. The functionalization process was very efficient,

77

producing soluble CNOs in 95% yield. The functionalized CNOs dissolved easily,
without sonication, in common non-polar solvents (> 1 mg/mL in hexane, chloroform,
methylene chloride, and toluene). No residue was recovered after these solutions were
filtered through 0.2 μm PTFE filters, and their stability was confirmed after standing for
months with no sign of precipitation. Such high solubility permitted the characterization
of these small CNOs by 1H and 13C NMR, UV-vis spectroscopy, and electrochemistry.
Figure 4.1 and Figure 4.2 show the 1H and 13C NMR spectra of ODA CNOs. The
spectrum displays the resonances corresponding to methyl and methylene groups located
at least 3 bonds away from the surface of the nano-onions.

Figure 4.1 1H NMR spectrum of ODA functionalized CNOs
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The groups closer to the surface exhibited such broadened signals that they could not be
clearly seen on the timescale of these NMR experiments. Similar effects have been
observed before for larger ODA-functionalized CNOs,46 and hexanethiol monolayers on
gold nanoclusters.64

Figure 4.2 13C spectrum of ODA functionalized CNOs

In order to investigate the thermal stability of these derivatized nano-onions, TGA
measurements were performed under either nitrogen or air (Figure 2). Under nitrogen,
the only mass loss observed corresponded to the degradation of the ODA groups. Under
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air, however, the decomposition of the functional chains and subsequent oxidation of the
remaining CNOs is clearly observed, similar to the behavior of ODA-SWCNTs.

Figure 4.3 TGA of ODA functionalized CNOs

The UV-Visible spectrum of the small ODA-CNOs in hexane showed an
absorption maximum at 231 nm (Figure 4), which closely agrees with Tomita and coworkers’ prediction of a λmax at 232 nm for completely disaggregated spherical CNOs
without a diamond core.65
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Figure 4.4 UV-vis spectrum of ODA functionalized CNOs

The Raman spectrum of these CNOs in the solid state Figure 4.5 still showed the
G- and D-bands, but their values were shifted to 1581 and 1398 cm-1, respectively. As
expected there was an increase in the intensity of the D-band with respect to the G-band
due to the increase in the number of defects during oxidation of the CNOs.66
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Figure 4.5 Raman Spectrum of ODA functionalized CNOs
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Figure 4.6 EPR spectrum of crude, -COOH functionalized and ODA functionalized
CNOs.

As shown previously in chapter 3 the crude unfunctionalized CNOs show a broad
EPR spectrum with a line width of 18 Gauss indicating the presence of free radicals on
the CNO surface. The broadness of the radicals can be explained on the basis of their
mutual interaction. It has also been observed that these radicals are present on the surface
of the CNOs as they can be quenched during a radical addition reaction.
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Figure 4.6 shows the comparative EPR spectra of the crude, oxidized, and ODA
functionalized CNOs. It can be observed that after oxidation the broadness of the line
decreaseed by a small amount; however the spins continued to interact. Functionalization
of the oxidized CNOs with ODA caused the linewidth to decrease to about 1 Gauss,
indicating complete isolation of the spins on the CNOs. This is probably an indication
that the spin interactions are inter-onion rather than intra. On functionalization with ODA
the CNOs were kept apart from one another by octadecylamine chains thus leading to the
narrow signal.
Unlike the well defined six one-electron reduction waves of C60,10 the cyclic
voltammetry (CV) of pyrrolidine-SWCNTs showed a continuously increasing diffusion
controlled current beyond -0.5 V (vs Ag/AgCl) with no well defined reduction states.24
In addition, ODA-SWCNTs only showed an oxidation wave at +0.9 V (vs. Ag/AgCl) and
no reduction peaks were observed in the first scan.62 Since ODA-CNOs are soluble
enough for electrochemical analysis; their electroactive behavior was studied by both CV
and Osteryoung Square Wave Voltammetry (OSWV) in dichloromethane (0.1 M
Bu4NPF6).
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Figure 4.7 Electrochemistry of octadecylamine functionalized CNOs

Control experiments revealed that the ODA groups are electrochemically inactive
while the ODA-CNOs (Figure 4) showed a well defined and rather weak quasi-reversible
reduction wave at -1.92 V versus Fc/Fc+). This reduction was shifted cathodically by
0.92 V when compared with the first reduction wave of C60 under the same experimental
conditions. This cathodic shift indicated a larger HOMO-LUMO gap than that of C60.
Preliminary investigations indicate that the CNOs can accept electrons and undergo
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reduction. However the reduction potential of the functionalized CNOs, when compared
to pristine CNOs, may be shifted due to extensive functionalization. Similar shifts in
reduction potential upon functionalization has been observed with C60 67
Synthesis of PEG functionalized CNOs: Due to the unexpectedly good solubility of
CNOs functionalized with ODA in non-polar solvents, attaching hydrophilic chains in
order to synthesize water-soluble derivatives seemed to be a reasonable proposition. PEG
is frequently employed for the solubilization of nanotubes by employing covalent or
electrostatic linkages. Such hydrophilic functionalization would lead to solubilization of
the CNOs in water, thus opening a new area for their application in biological systems. In
addition, separation methods for large molecules such as polyacrylamide gel
electrophoresis (PAGE) and capillary electrophoresis (CE) would be accessible.
Carbon nanotubes have been studied for a variety of applications including drug
delivery and biosensor.68 The advantage of using carbon nanotubes as signal transducers
in biosensors, is that multiple biorecognition elements can be attached to their surface,
resulting in improved detection limits and signal amplification69 Since CNOs are
spherical analogs of multiwalled nanotubes, similar transducer properties can be
expected. Another potential application of water-soluble CNOs is carbon based quantum
dots. Recently, it has been observed that carbon particles of about 5 nm diameter, upon
passivation, show fluorescent behavior similar to quantum dots.70 Since CNOs obtained
from the annealing of nanodiamonds have an identical size it would be interesting to see
if they show similar behavior. In addition, such a study would lead to the discovery and
further understanding of the properties of CNOs.

86

Figure 4.8 1H NMR of PEG functionalized CNOs
Figure 4.8 shows the 1H NMR spectrum of PEG functionalized CNOs using D2O
as the solvent in comparison with the NMR spectrum of PEG alone. The signal at 4.69
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ppm can be attributed to residual water in the sample. Three prominent signals are seen
in both spectra. The broad signal at 3.50 ppm can be attributed to the CH2 framework of
PEG. Since PEG is bis-amino n-propyl terminated, the terminal protons of the CH2 in the
NH2-CH2-CH2-CH2-O-PEG can be assigned to the remaining signals. The protons on
carbon 3 are similar to the CH2 protons in the CH2-CH2-O framework and therefore can
be expected to be buried underneath the broad peak at 3.50 ppm. The protons on carbon 2
are seen as a quintet at 1.62 ppm, while the protons of carbon 1 appear as triplet at 2.60
ppm. Upon functionalization of the CNOs with PEG, large shifts in the resonances of
protons on the terminal carbon are observed. The proton alpha to the newly formed amide
bond shifts downfield by 0.22 ppm to 2.82 ppm. The resonance of the proton beta to the
amide bond is shifted by 0.12 ppm to 1.74 ppm. The remaining protons are further away
from the surface of the CNO surface and their signals appear at the same position as the
original PEG. Similar behavior can be seen in the
functionalization affects only the terminal carbon atoms.
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13

C spectrum, where the

Figure 4.9 13C NMR spectrum of PEG functionalized CNOs

The functionalization of CNOs with PEG was also confirmed by TGA. When the
sample was heated under air, the PEG groups were thermally decomposed from 250 to
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400 ºC, following which the degradation of the CNOs started, and continued until 700 ºC.
The loss of PEG groups constituted a mass loss of about 43% which corresponds to 1
group every 13 carbons. The TGA of unfunctionalized CNOs is also shown for
comparative purposes.

Figure 4.10 TGA of PEG CNOs

Additional proof of functionalization was acquired from the Raman spectrum. As
described before, the Raman spectra of CNOs show two distinct bands which are known
as the D- and the G-bands. It can be seen that in case of the PEG functionalized CNOs.
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the D-band shows an increase in the number of defects after functionalization and
therefore increases in intensity. One of the interesting facts about the spectrum is that the
fluorescence spectrum itself shows a continuously rising background. This is probably
due to the fluorescence of the CNOs upon irradiation with IR light from the laser.

Figure 4.11 Raman spectrum of PEG CNOs
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Figure 4.12 Cyclic voltammogram of PEG functionalized CNOs

Similar to octadecylamine, PEG is also known to be electronically inactive; thus
the electrochemistry of PEG shows no redox peaks.

Figure 4.12 shows the cyclic

voltammogram of PEG functionalized CNOs. The CV shows one quasireversible peak at
-1.88 V which probably corresponds to the reduction of the CNOs. This reduction is
about 40 mV less negative than that obtained for ODA functionalized CNOs. This can be
explained by examining the extent of functionalization of the CNO. As seen from TGA
the ODA functionalized CNOs show an octadecyl chain related mass loss of around 63 %
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as compared to a mass loss of only 43 % in the case of PEG functionalized CNOs. This is
despite the fact that the molecular weight of PEG is almost 5 times that of ODA. Thus it
can be concluded that the extent of functionalization with ODA-CNOs is significantly
higher than PEG-CNOs. Due to this, PEG-CNOs show a smaller cathodic shift than
ODA-CNOs, in line with the observations for C60.

Figure 4.13 OSWV of PEG functionalized CNOs
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Figure 4.14 Absorbance of PEG functionalized CNOs

PEG-CNOs can be dissolved in polar solvents, with their highest solubility in
water. Figure 4.14 shows the UV-visible spectrum of the functionalized CNOs in water.
It can be seen that the spectrum peaks at 232 nm, which is the predicted wavelength of
absorbtion for completely deaggregated CNOs
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Figure 4.15 Fluorescence of PEG functionalized CNOs

The fluorescence of PEG-CNOs is excited with a wavelength of 360 nm as shown
in Figure 4.15. The emission appears to be significantly broad. However, the observation
of fluorescence from this particle is particularly interesting considering that there are no
known chromophores in either PEG or CNOs.
Investigation of the fluorescence of polyethylene glycol functionalized CNOs:
Fluorescent semiconductor quantum dots are attracting the attention of many people due
to their wide variety of promising applications, especially in biology and medicine.71
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Inorganic quantum dots such as silicon nanocrystals are tiny nanocrystals composed of
fewer than 100,000 atoms that glow when stimulated by an external source such as
ultraviolet (UV) light. In a bulk semiconductor the LUMO and the HOMO overlap to
form the valence band and the conduction band. However when the bulk material is
reduced in size the energy levels become discrete.72 In a conventional fluorophore, when
energy is incident upon a molecule, electrons are energized and move to a higher
electronic level. When the electron returns to its ground state, this additional energy is
emitted as light corresponding to a particular frequency. Quantum dots work in much the
same way as a normal fluorophore but now due to the discrete energy levels they acts as
one very large atom. The energy source used to stimulate a quantum dot is commonly
ultraviolet light. The frequency or color of the light given off is not related to the material
used in the quantum dot, but rather by the size of the quantum dot.
The materials currently used as quantum dots have limitations because of their
toxicity and their potential environmental hazard.73, 74 In addition, due to the difficulty
involved in synthesizing reproducible batches, the cost of manufacturing these particles is
reasonably high.75 For this reason, interest in finding alternative materials with similar
optical properties and lower toxicity has risen.
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Figure 4.16 Fluorescence behavior of carbon based quantum dots (reproduced from
reference 76 )
In 2006, Sun et al..described the synthesis of quantum sized carbon dots.76 These
were prepared by laser ablation of a block of carbon. The ablation process produced
carbon particles of various diameters. Upon oxidation of these followed by reaction with
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PEG diamine, fluorescence was observed with properties comparable to that seen for
surface oxidized silicon nanocrystals.
The final product obtained after their synthesis consisted of passivated carbon
particles with 5 nm diameters. Figure 4.16 shows the absorption and fluorescence
behavior as reported by Sun et al.. for these quantum sized carbon dots. It can be seen
that the particles do not show the presence of a single characteristic peak but rather an
exponentially decaying absorption spectrum. Since the average diameter of CNOs is also
5 nm as well as the fact that PEG functionalized CNOs also show fluorescence, an
investigation into their fluorescence behavior was undertaken.

Figure 4.17 Fluorescence spectra of PEG functionalized CNOs
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Figure 4.17 shows the fluorescence behavior of CNOs functionalized with PEG.
It can be clearly seen that CNOs show behavior similar to carbon dots. Table 4.1
summarizes the relation between the excitation and the emission wavelength which
shows a linear correlation.

Table 4.1 Variation of fluorescence wavelength with excitation wavelength in
nanometers

EXCITATION

380

395

410

425

440

455

485

447

454

471

503

512

529

532

443

453

474

505

512

517

535

WAVELENGTH
Emission
Wavelength
(PEG-CNOs)
Emission
Wavelength
(PEG-NDs)

In order to determine the fluorescence quantum efficiency of PEG-CNO particles,
Coumarin-1 was used as a reference. Coumarin-1 has an absorbtion maximum at 373.5
nm and a fluorescence emission maximum at 446 nm.77 It has a quantum yield of 73%.78
Since the absorption and emission maxima for PEG-CNOs is similar to that of Coumarin1, it can be used as a reference.
The quantum yield (QY) for PEG-CNOs can be calculated using the formula:
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I
QY = PEG − CNO × 0.72 × 100 %
I
Coumarin − 1
Figure 4.18 shows the comparison between the fluorescence of Coumarin-1 and
PEG-CNOs. The quantum yield obtained for PEG-CNOs using coumarin-1 as reference
is around 1.4 %.

Figure 4.18 Quantum yield of PEG functionalized CNOs
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In order to investigate the true nature of the fluorescence, a comparative model is
needed. Therefore the precursor nanodiamonds were functionalized in a similar manner
to the CNOs.

Figure 4.19 Fluorescence of PEG functionalized nanodiamonds

Figure 4.19 shows the fluorescence spectrum of PEG functionalized
nanodiamonds. Table 5.1 shows the fluorescence maximum for each excitation
wavelength. The results indicate the maximum for the particle does not shift even though
there is a change in the size of the particles (nanodiamonds are slightly smaller than
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CNOs since there is no hollow space inside). This prompted an investigation into of the
potential of the PEG on the fluorescence mechanism.

Figure 4.20 Fluorescence spectrum of PEG heated at 170oC
Figure 4.20 shows the fluorescence spectrum of PEG when heated at 170 oC. The
maximum obtained for each excitation wavelength is given in Table 4.1. It can be clearly
seen that the fluorescence observed for PEG when it is heated overlaps completely with
the fluorescence from both the nanodiamonds as well as the CNOs. It is noteworthy that
a small fluorescence can be observed from unheated PEG. This indicates that heating
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results in the formation of products which fluoresce. Though polymers such as PEG
contain no known chromophores it is not completely impossible for them to undergo
intramolecular reactions to form polymer nanoparticles. Figure 4.21 shows some of the
possible products formed by considering a simple mechanism occurring during the
decomposition of PEG. The HNO3 in the reaction may possibly be formed due to the
reaction between ammonia evolved from an elimination reaction and trace amounts of
water in PEG. Each individual product formed may undergo further reaction and the
resulting polymer may be fluorescent due to the presence of trapped ions or radicals in
the secondary structure of the polymer. In addition presence of even traces of oxygen
leads to the formation of peroxy radical which result in a cascade of reactions which have
been published before.
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Figure 4.21 Possible reactions during heating of PEG

The possibility of such reactions happening is further reinforced by the fact that
the evolution of ammonia was observed when the sealed ampoule containing heated PEG
was opened.
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Figure 4.22 Fluorescence of unheated PEG, PEG heated at 120 oC and PEG heated at 170
o
C

Figure 4.22 shows the comparative fluorescence quantum yield of unheated and
heated PEG. Contrary to the commonly considered view that polymers such as PEG do
not fluoresce, PEG1500N shows a fluorescence quantum yield of 3%, much higher than
PEG-CNOs. Upon heating PEG alone, a quantum yield of 6-7 % is obtained. The carbon
dots reported by Sun et al. have a fluorescence quantum yield of 4 to 10 % and there is no
separation step involved in the procedure which separates the heated PEG from their
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carbon particles. Hence it is quite possible that the fluorescent species in PEG-CNOs,
PEG-nanodiamonds, and PEG-functionalized carbon dots is not the carbon particle as
previously considered but instead the polymer particle formed by the reactions described
in Figure 4.21

Figure 4.23 Shift in wavelength with chain length of PEG

Figure 4.23 shows the fluorescence of a 2 mg/ml solution of heated PEG having
various molecular weights. It can be seen that the lower molecular weight PEGs show
higher fluorescence quantum yields than the higher molecular weight PEGs.
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Additionally, the fluorescence maximum red-shifts with decreasing molecular weight
indicating that the fluorescence maximum is strongly dependent on the length of the PEG
Thus as the PEG is composed of multiple polymer chains it may be possible that the
initial shift in fluorescence maximum observed

for the PEG functionalized carbon

particles as well as heated PEG results from the selective excitations of some of the PEG
chains in a heterogenous polymer mixture.

Table 4.2 Variation of quantum yield with molecular weight.

PEG MOLECULAR WEIGHT

QUANTUM YIELD %

728

15

2000

9.4

5000

7.3

13000

3.2

20000

3.5

Table 4.2 shows the variation of quantum yield as a function of molecular
weights. As noted earlier the quantum yield decreases with increasing weight of PEG.
Quantum yields as high as 15 % can be obtained by heating PEG alone.
Pyridyl Functionalized Soluble Carbon Nano Onions (Py-CNOs): Up to now the
functional groups attached to CNOs were predominantly meant to solubilize them.
However, functional groups with interesting properties which can in turn modify the
properties of CNOs have not been exploited. For example, solubilization of CNOs by
attaching groups having interesting binding properties would lead to new materials which
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combine the properties of CNOs with the binding properties of the attached organic
moieties. This offers new opportunities for potential applications in nanocomposite
materials,79 hydrogen storage80, and catalysis81.
One such ligand that has been regularly used for the formation of complexes with
transition metals is the pyridyl ligand.82 The pyridyl-metal interaction has been favorably
used in the formation of various supramolecular frameworks as well as for the synthesis
of donor-acceptor type systems.20, 83 It follows that attaching a large number of pyidyl
ligands to the CNO surface would offer a unique opportunity for the solubilization of
CNOs. In addition, these ligands could further complex with transition metals such as
zinc, platinum, or palladium to form higher supramolecular architechtures.

Scheme 4.2 Functionalization of CNOs with aminopyridine
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Figure 4.24 TEM of aminopyridine functionalized CNOs

Figure 4.24 shows the TEM micrograph of Py-CNOs. The prominent features
include concentric shells and a hollow core, which are clearly seen. The Py-CNOs have
an average size of 6 nm, consistent with the size of pristine CNOs.34 The pyridyl groups
are not seen in the TEM as they decompose under the intense electron beam.
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Figure 4.25 1H and 13C NMR spectra of Py-CNOs
Figure 4.25 shows the 1H and

13

C NMR spectra of the Py-CNOs. The 1H NMR

spectrum shows two doublets at 6.8 and 8.0 ppm corresponding to the protons of the
pyridyl group. Similar results have been obtained previously for C60 as well as carbon
SWNTs functionalized with pyridyl ligands.37 It can be clearly seen that the protons on
the carbon ortho to the amide linkage are more shielded and show an upfield shift of 0.2
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ppm with respect to starting material 4-aminopyridine. The signals from the protons of
the pyridyl ring are sharp and well defined as in the case of pyridyl functionalized C60,
and unlike the behavior seen for nanotubes where they are fairly broadened.37 This is to
be expected as it has been observed previously with alkanethiol functionalized gold
nanoparticles that the broadening of the NMR signals is a function of the size of the
cluster.64 The
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C spectrum shows the presence of carbons from the pyridyl ring with

chemical shift values at 109, 141, and 159 ppm. The carbons appearing at 141 and 159
ppm are shifted upfield relative to the corresponding carbons in 4-aminopyridine by 4
and 7 ppm, respectively. This again indicates that the carbon is attached to the nitrogen of
the amide bond, since the carbons adjacent to this bond would be the ones most affected
by functionalization. The carbons from the CNOs are not seen in NMR due to the
broadening associated with the large number of carbons in the outer shell.46 The COSY
spectrum shows the correlation between the aromatic protons of the pyridyl ring
The UV/visible spectrum obtained in water (Figure 4.26) shows a monotonously
increasing absorbance with a maximum at 262 nm similar to that seen for single wall
carbon nanotubes.10 CNOs have been proposed as the species responsible for the
interstellar absorbtion feature at 217.5 nm, lending further credence to this result.84
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Figure 4.26 UV-Visible absorbtion spectrum of CNOs bearing pyridyl ligands.

The shift from this value is probably due to the effect of functionalization. The
Raman spectrum of the residue shows the D- and the G-bands which are characteristic of
nanotubes and CNOs (Figure 4.27). The D-band appears at 1316 cm-1 while the G-band
appears at 1596 cm-1.
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Figure 4.27 Raman spectrum for pyridyl functionalized CNOs

The D-band is also known as the disorder induced band and is absent in single
graphite crystals where all carbons are sp2 hybridized.50, 58, 85 Thus the higher the number
of sp3 carbons in the structure, the higher the intensity of the D-band. Pristine CNOs
already have D-band intensity higher than the G-band.66 The D-band intensity further
increases in Py-CNOs, which is probably due to the creation of more defects during the
oxidation step of the synthesis. The presence of D- and G-bands further confirms the
presence of CNOs in the soluble sample. TGA analysis performed in air (Figure 4.28)
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shows the sharp defucntionalization curve of the aminopyridyl groups at around 350 ˚C
followed by decomposition of the CNOs beginning at 400 ˚C. The mass loss is 43%,
corresponding to approximately one aminopyridyl group per 120 carbons.

Figure 4.28 TGA of Py-CNOs in air

It is well known that the pyridyl ligands can undergo complexation with transition
metals leading to the formation of nanoporous supramolecular assemblies. In order to
demonstrate the possibility of constructing such self-assembled nanoporous networks
using Py-CNOs, complexation with ZnTPP was performed. In this process, the pyridyl
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nitrogen undegoes complexation via axial ligation with the central zinc atom. The
complexation was followed by electrochemistry as well as NMR spectroscopy. Figure
4.29 shows the OSWV, indicating the effect of complexation on the electrochemistry of
ZnTPP.

Figure 4.29 Shift in the electrochemical potentials of tetraphenyl zinc porphyrin upon
addition of Py-CNOs
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Typically, ZnTPP shows two oxidation and two reduction waves. The half wave
potentials observed in DMF are +0.66 V, +0.37 V, -1.99 V, and -2.3 V, respectively.
Upon complexation the reduction potentials were shifted anodically by about 170 mV
and the oxidation potentials by about 60 mV. This effect is due to the complexation of
the pyridyl CNOs with Zn-TPP. Similar effects have been observed in the
electrochemistry of pyridyl functionalized carbon nanotubes.37

Figure 4.30 Upfield shift in 1H NMR signals from benzylic protons of Py-CNOs upon
addition of tetraphenyl zinc porphyrin

The complexation was also confirmed by performing an NMR titration of the
pyridyl CNOs with ZnTPP in DMF. It can be seen in Figure 4.30 that the protons on the
carbon next to the pyridyl nitrogen shift gradually upon addition of increasing amounts of
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ZnTPP. Notable is the fact that the shift is upfield, which is expected due to the shielding
effect of the zinc metal.
Similar complexes are possible using metals such as platinum and palladium.
Further photophysical studies are required in order to determine the electronic
interactions between the porphyrin and pyridyl CNOs to verify the presence of donor
acceptor interactions.
Conclusion
Carbon nano onions were functionalized successfully using the amidation reaction.
Synthesis of hydrophilic as well as lipophilic CNO derivatives was achieved via this
reaction. The solubilization enabled the study of the solution properties of CNOs
including their electrochemical properties. Preliminary studies showed that CNOs are
capable of accepting electrons. Creation of defects in the structure by harsh oxidiation
conditions resulted in the destruction of double bonds in the structure, ultimately
resulting in higher reduction potentials. The fluorescence from PEG-CNOs and PEGNanodiamonds is a result of the degradation of PEG itself and not a characteristic of the
carbon particle. Fluorescence quantum yields as high as 15% can be achieved simply by
heating a PEG of an appropriate chain length. Since CNOs and nanodiamonds dissolve
in aqueous media upon functionalization it is possible that they become fluorescent due
to the wrapping of fluorescent degraded PEG, thus acting as a support for the fluorescent
polymer.
PEG functionalized CNOs appeared to act as soluble particles which could harbor
fluorescent groups, showing some quantum dot like character. Various moieties with
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specific properties could also be connected to the CNOs thereby leading to new
composite materials. The demonstrated supramolecular structure may eventually show
donor-acceptor behavior and may be useful for incorporation into photovoltaic devices.
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CHAPTER FIVE
ELECTROCHEMISTRY OF PORPHYRIN-FULLERENE DYADS
Introduction:
As seen in the introduction, photovoltaics have been a topic of interest in chemistry
as well as biology.1 Various porphyrin-fullerene based donor acceptor systems have been
described in the literature with the intention of improving the efficiency of photovoltaic
cells.13 This chapter attempts to move into the second thrust area of development of
carbon nanoparticle based photovoltaic cells and tries to study various porphyrinfullerene and porphyrin-SWNT based donor acceptor systems in order to investigate the
optimum configuration for the charge transfer process.
Using “molecular wires” as spacers in donor-spacer-acceptor systems is one of the
most interesting approaches for establishing efficient communication between the donor
and the acceptor.

It has been shown that fullerene-porphyrin dyads with acetylene

spacers show an acceleration of photoinduced charge separation.86 Another interesting
linker which can be used as a ”molecular wire” is the azobenzene moiety.87-89 It is well
known that the cis-trans isomerism in azobenzene is a characteristic of the wavelength
incident on the molecule. Thus connection of a porphyrin to a fullerene using these
azobenzene linkers should not only give rise to unique electron transport properties but
also impart the ability to act as a photoinduced molecular switch. The novel compounds
studied here consist of C60 – porphyrin dyads with either acetylene or azobenzene spacers
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which are linked to the porphyrin in either α or β positions. The effect of zinc and nickel
as the central metal in the porphyrin were also studied.
In Donor-Acceptor (D-A) systems the charge transferred from the donor to the
acceptor can be studied by electrochemistry. In a porphyrin-C60 system, C60, which has a
relatively low-lying LUMO as compared to porphyrin, serves as the electron acceptor.
For these particular D-A systems, the LUMO of the dyad is based on fullerene MOs
while the HOMO is porphyrin based. For a D-A dyad during reduction, incoming
electrons are accommodated in an acceptor-based LUMO, whereas during oxidation
electrons are removed from the donor HOMO. Upon excitation with the appropriate
wavelength of light, the electron from the porphyrin HOMO is transferred to the C60
LUMO, leading to the formation of the ion pair species. Thus the reduction of the dyad,
which is C60 based, becomes more difficult than that of C60 itself. On the contrary,
oxidation of the dyad, which is porphyrin–based, also becomes more difficult than the
parent porphyrin itself. More difficult reductions and oxidations than those of the parent
fragments would therefore indicate the existence of a D-A relationship.89 In case of
SWNTs there is no defined reduction; hence the shift in oxidation potentials of the donor
can be used as an indicator of the formation of a charge transfer complex. This
electrochemical aspect of the porphyrin-fullerene dyads was studied in the molecules
discussed. The commonly followed protocol involved studying the electrochemical
behavior of the parent fragments and then comparing their potentials with those of the
dyads.

120

Experimental Procedure
Compounds 1-29 were provided by the Schuster group at New York University,
New York City, USA. Compounds 30-33 were provided by the Langa group at Univ. de
Castilla-La Mancha, Toledo, Spain.
The electrochemical measurements for compound 1 as well as porphyrins 2-7, 1124, and 30-34 were performed using a CHI 440 Electrochemical Workstation (CH
Instruments Inc, Austin, Texas). Tetrabutylammonium hexafluorophosphate (Fluka) in
redistilled CH2Cl2 (0.1M) was used as the supporting electrolyte (degassed with argon
and saturated with CH2Cl2 vapors). A platinum wire was employed as the counter
electrode and a non-aqueous Ag/AgCl electrode was used as the reference. Ferrocene
(Fc) was added as an internal reference and all the potentials were referenced relative to
the Fc/Fc+ couple. A glassy carbon electrode (CHI, 1.5 mm in diameter), polished with
0.3 μm aluminum paste and ultrasonicated in a deionized water and CH2Cl2 bath, was
used as the working electrode. The scan rates for cyclic voltammetry were 100 mV. For
the DPV experiments the pulse rate was set at 0.05 sec with increments of 4mV and an
amplitude of 50 mV. All experiments were performed at room temperature (20 ± 2 ºC).
Dyads 8-10, 22-24, and 25-29 were studied in a special cell similar to one
described earlier due to limited sample availability.90,
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This assembly consisted of a

glass tube (1.5mm diameter) fitted with a vycor tip (working volume of 100μL) and
contained the test solution (compound + TBAPF6 in CH2Cl2). This cell was immersed in
a glass vial containing the electrolyte solution. A platinum wire was employed as the
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counter electrode and a non-aqueous Ag/AgCl electrode was used as the reference. This
electrode was similarly immersed in the electrolyte contained in the outside glass vial.
Electrochemistry of α- Linked Porphyrin Fullerene Alkynyl Dyads35

Figure 5.1 Structures of compounds 1-10
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From the cyclic voltammogram (CV) illustrated in Figure 5.2 A, three reversible
reduction waves were seen for alkynylfullerene 1

Figure 5.2 A) CV and B) DPV of alkynyl fullerene 1
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The reduction potentials are shifted cathodically compared to that of pristine
C60,10 which is ascribed to the saturation of one of the π-bonds on the C60 surface.92
Differential pulse voltammetry (DPV) showed the first oxidation at +1.18V. The peak
potentials obtained from DPV experiments (Figure 5.2b) were converted to E1/2 values
using the formula:
Emax

DPV

= E 1/2 +

ΔE
2

where ΔE is the pulse amplitude. The values were found to be comparable to the
potentials obtained from CV studies (Table 5.2 and Table 5.1).
Figure 5.3 shows the CVs and DPVs of the zinc porphyrins with a single
acetylene spacer, namely compound 3, which is H-terminated, and 2, which has a
terminal TMS group.
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Figure 5.3 A) CV and B) DPV of porphyrin with 1-alkynyl group. Compound 3 is -H
terminated and compound 3 is -TMS terminated
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Both compounds show two reduction and two oxidation peaks. Both oxidation
peaks appear to be reversible and, from comparison with similar compounds reported
earlier, are typical of a porphyrin-acetylene system.93 From a comparison of the first
reduction potentials of 2 and 3 , it can be seen that the reduction potential of 2 is about
100 mv more positive than 3, reflecting the electropositive character of the trimethylsilyl
group. The DPVs of these compounds show a similar trend to that observed in the CV
experiments.
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Figure 5.4 A) CV and B) DPV of porphyrin with 2-alkynyl group. Compound 5 is -H
terminated and compound 4 is -TMS terminated
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Figure 5.5 A) CV and B) DPV of porphyrin with 3-alkynyl group. Compound 7 is -H
terminated and compound 6 is -TMS terminated
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Figure 5.4 and 5.5 show the CV of ZnP compounds 4 and 5 with diacetylene spacers and
compounds 6 and 7 with triacetylene spacers, respectively. The four compounds show
two oxidation and two reduction waves, similar to 2 and 3. The positive shift of around
100 mV in the reduction potential for 4 and 6 relative to 5 and 7, respectively, is again
ascribed to the TMS group. Therefore it can be concluded that the attachment of alkynyl
spacers with various chain lengths in the alpha position of the porphyrin ring has no
electronic effect on the porphyrins
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Figure 5.6 Comparison of the A) CV and B) DPV of the fullerene derivative 8 with the
those of parent compounds 4 and 5
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Figure 5.6 shows the comparison of the electrochemical behavior of fullerene
derivative 8 which contains 2 alkynyl groups with reference to its parent compounds 4
and 5. As observed for 1, the first reduction potential of the ethynylated fullerene shifts
cathodically when compared to pristine C60. The first reduction potential of
phenylethynyl-substituted fullerenes, however, is close to that of C60 due to opposing
anodic and cathodic shifts resulting from the electron withdrawing inductive effect of the
phenyl ethynyl group, which cancels out the cathodic shift resulting from saturation of
one of the π-bonds on the surface of C60.29 Considering the structure of dyad 8, in which a
diethynylated fullerene is connected to a phenyl group of ZnP, one would expect an
effect similar to that seen for phenylethynyl-C60. Counterintuitively, the first reduction
potential of dyad 8, which is fullerene-centered, shows a further cathodic shift even larger
than that observed for ethynylfullerene 1. This effect can be explained only if the
porphyrin is electronically coupled with the fullerene in a donor-acceptor type (D-A)
interaction and there is electron transfer from the porphyrin to the fullerene upon
reduction of the molecule.

A similar cathodic shift was seen in the DPV-derived

potentials.
Comparing the HOMO-LUMO gap of the dyads with those of their respective
constituent molecules supports this interpretation. The difference between the first
oxidation and the first reduction potential, E1/2OX1- E1/2RED1, as determined by CV, is a
measure of the HOMO-LUMO gap. If we compare the two components of dyad 8, i.e.,
compound 5 and C60, the HOMO LUMO gap is ~1.33 V. However, the HOMO- LUMO
gap in dyad 8 is ~1.44V, which is ~110 mV larger than that based upon the individual
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fragments. A close look at the DPV of the dyad shows that the third and fourth reduction
peaks are split, which can be attributed to the overlap of the porphyrin and the fullerene
reduction peaks.

Figure 5.7 Comparison of the A) CV and B) DPV of the fullerene derivative 9 with those
of parent compounds 6 and 7
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The HOMO- LUMO gap in 9 determined from the CV potentials is ~ 1.39V; this
is larger than that of the individual fragments (compounds 6, 7, and C60) combined
individually, but lower than that found for dyad 8, suggesting a decrease in electronic
coupling which is in accord with the larger porphyrin-C60 separation.
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Figure 5.8 A) CV and B) DPV of porphyrin-4-yne C60 Compound 10
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Compound 10 has four acetylene spacers between the donor and the acceptor
moieties. The CV shows four reduction peaks, two of which appear reversible, and two
oxidation peaks (see Figure 5.8B). A comparison of the voltammetric response as a
function of the distance between the redox active moieties was made for dyads 8, 9 and
10 (see Figure 5.9).
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Figure 5.9 Comparison of A) CV and B) DPV of porphyrin-fullerene dyads. 8 is
porphyrin-fullerene dyad with two alkynyl spacers. 9 and 10 are dyads with
three and four alkynyl spacers, respectively.
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Compounds 8, 9, and 10 have their first reduction potentials at -1.08 V, -1.04, and
-1.00V, respectively, showing that electronic coupling between the donor-acceptor pair
falls off with distance. This can be attributed to a decrease in electron density on the
fullerene. DPV data for dyad 10 shows the same trend in Figure 5.9B. The splitting in
the 3rd and 4th reduction potentials of 8, ~ -1.8 V to -1.9 V, and ~ -2.1V to -2.2 V,
respectively, is attributed to close overlap of the reduction waves for the porphyrin and
fullerene moieties. The absence of splitting in the 4th reduction peak in the DPV for dyad
9 indicates decreased electronic coupling between the porphyrin and the fullerene. This
interpretation is confirmed by the behavior of 10, where splitting in both the 3rd and 4th
reduction peaks completely disappears.
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Figure 5.10 Variation in position of peaks with change in scan rate for compound 3

In order to determine the reversibility of the CV peaks, variable scan plots were
recorded for all compounds. The variable scan plots for alkynylporphyrin 4 (Figure 5.10)
shows that the peak-to-peak separation increases with increasing scan rates, indicating
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that these processes are quasi-reversible. Thus the E1/2 values obtained from the CVs are
approximate and consequently vary slightly from those obtained from DPV (Table 5.1).
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Table 5.1 Potentials of all α-linked porphyrin compounds obtained by DPV

COMPOUNDS

REDUCTION
E (1)

E (2)

E (3)

OXIDATION
E (4)

E1/2 (1)

E1/2
(2)

Porphyrin-1-yne

-1.89

-2.21

0.38

0.68

Porphyrin-1-yneTMS

-1.82

-2.19

0.37

0.67

Porphyrin-2-yne

-1.86

-2.16

0.35

0.66

Porphyrin-2-yneTMS

-1.74

-2.08

0.38

0.67

-1.85

-2.08

0.36

0.68

Porphyrin-3-yne

-1.85

-2.16

0.37

0.67

Porphyrin-3-yneTMS

-1.77

-2.11

0.38

0.70

Porphyrin-2-

-1.05

-1.43

yneC[60]

Porphyrin-3-

-1.05

-1.40

-1.93

-2.12

0.38

0.72

-1.00

-1.34/-1.48

-1.82

-2.01

0.36

0.68

-1.04

-1.42

-1.44

yneC[60]
Porphyrin-4yneC[60]
C[60]-1-yne
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Table 5.11 Potentials of all α-linked porphyrin compounds obtained by CV

COMPOUNDS

REDUCTION
OXIDATION
E (1)

E (3)

E (4)

E1/2 (1)

E1/2 (2)

Porphyrin-1-yne

-1.91

-2.34

0.35

0.65

Porphyrin-1-yneTMS

-1.81

-2.06

0.35

0.63

Porphyrin-2-yne

-1.86

-2.25

0.35

0.65

Porphyrin-2-yneTMS

-1.78

-2.13

0.35

0.65

-1.88

-1.98

0.36

0.69

Porphyrin-3-yne

-1.89

-2.29

0.35

0.68

Porphyrin-3-yneTMS

-1.78

-2.13

0.35

0.63

Porphyrin-2-yneC[60]

-1.08

E (2)

-1.43

Porphyrin-3-yneC[60]

-1.04

-1.44

-1.90

-2.20

0.35

0.66

Porphyrin-4-yneC[60]

-1.00

-1.35

-1.87

-2.12

Not observed

Not
observed

C[60]-1-yne

-1.04

-1.42

-1.94
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Electrochemistry of β linked alkynyl Porphyrin Fullerene dyads36

Figure 5.12 Structure of compounds 11-24
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Figure 5.13 A) CV and B) DPV of Zn porphyrin (compound 11) and Ni porphyrin
(compound 12)
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Electrochemistry of tetra phenyl porphyrins (TPP):Figure 5.13 shows the CV and
DPV of compounds 11 and 12. On comparing the potentials obtained from CV (Table
5.3), it can be seen that both the nickel and zinc porphyrins show two reduction and two
oxidation peaks. The second reduction is found to be irreversible whereas both the
oxidation peaks appear reversible. Comparing the potentials with those of the free base
porphyrin reported earlier,94 it appears that the first reduction potentials vary in the order
free base porphyrin < nickel porphyrin < zinc porphyrin. The first and the second
oxidation potentials prove that the oxidations show an opposite trend.
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Figure 5.14 A) CV and B) DPV of Br derivatives of H2 porphyrin (compound 13) Zn
porphyrin (compound 14) and Ni porphyrin (compound 15)
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Bromine derivatives of TPP.:Figure 5.14 shows the cyclic voltammogram of the
porphyrins with Br substituted at the β position. Compound 13 is a freebase porphyrin
derivative, compound 14 is a Zn porphyrin derivative, and 15 is a Ni porphyrin
derivative.

As seen from the potentials obtained from CV, the substitution of an

electronegative group such as bromine has a pronounced effect on the voltammograms.
The electron withdrawing ability of Br results in lower electron density on the
porphyrins, causing them to become easier to reduce and easier to oxidize.
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Figure 5.15 A) CV and B) DPV of 1-yne porphyrin derivatives of H2 [freebase]
(compound 16), Zn (compound 17) and Ni (compound 18)
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Mono acetylene substituted porphyrins: The mono acetylene substituted
porphyrins 16, 17, and 18, do not show any additional peaks when compared to the TPPs
(Figure 5.1). It can therefore be concluded that the oxidation as well as reduction of the
acetylene moiety is beyond the operating potential window. The effect of substitution
can be seen on comparing the potentials with TPP. The first reduction potentials of all
three derivatives are shifted anodically by about 30 mV as compared to their parent
respective porphyrin. This is attributed to the conjugation between the acetylene and the
porphyrin which probably makes it easier for the porphyrin to accept electrons and
undergo reduction. This behavior was not seen in the case of porphyrin derivatives in
which the acetylene group is connected to the α-position of the porphyrin. Thus
porphyrin derivatives in which the acetylene group is connected to the β-position are
better coupled to the acetylene linker.
Tetra methyl silane derivatives of porphyrin with acetylene spacer: The cyclic
voltammograms for compounds 19, 20, and 21 are shown below in Figure 5.16. A
similar trend to that observed for the previous compounds is seen here. The two
porphyrin oxidations and the two reductions are observed. The second reduction appears
to be reversible. It can be seen from the CV that the addition of another acetylene moiety
to the porphyrin core does not affect the reduction potentials to a great extent. Also,
comparison with the mono acetylene porphyrins shows an anodic shift for these
derivatives of around 30 mV in the reduction potentials.
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Figure 5.16 A) CV and B) DPV of H2-1-yne porphyrin derivative (compound 14), Zn-1yne porphyrin derivative (compound 15) and Zn-2-yne porphyrin derivative.
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Porphyrin fullerene Dyads: Due to limited sample availability, well resolved
peaks could not be obtained. However, potentials obtained from CV (Figure 5.17)
indicated the electrochemistry to be a combination of overlap of the constituent
molecules (porphyrin and fullerene). Four reduction waves and two oxidation waves
were observed for the Ni porphyrin dyad of C60, 24. As seen earlier in Figure 5.2 the
fullerene acetylene derivative does not show any oxidation peak in this potential window.
Therefore the two oxidation peaks are a result of the oxidation of the porphyrin moiety.
On comparing the potentials obtained from the CV for Ni and free base porphyrin dyad,
22, with their respective mono acetylene porphyrins (compounds 16, 17, and 18), which
are the closest possible porphyrin derivatives available for comparison, it can be seen that
the oxidation potentials shift anodically by about 20 mV. Considering the cathodic
region of the scan it can be seen that the CV shows four reduction processes. Since no
reductions have been seen in earlier CVs for the porphyrin derivatives before -1.5 V the
first two reductions can be attributed to the fullerenes and the remaining peaks appear to
be an overlap between the fullerene and the porphyrin reduction peaks. On comparing the
peak potentials obtained from DPV for the first reduction peak with the acetylene
derivative of C60 it appears that the potential is almost the same for the Ni based dyad.
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Figure 5.17 A) CV and B) DPV of porphyrin fullerene dyads with, H2 [freebase]
(compound 22), Zn (compound 23) and Ni (compound 24)
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Therefore it seems that the fullerene and the porphyrin do not communicate
electronically in the Ni porphyrin dyads. The freebase, 22 and zinc porphyrin dyad, 23
seem to behave in a similar manner; however, no conclusion can be drawn as limited
sample availability resulted in small current values. Further investigations by using a
higher concentration of the dyads and repeating the experiments should give a clearer
picture on the extent of the electronic communication in the other dyads.
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Table 5.2 Potentials of all β-linked porphyrin compounds obtained by DPV

COMPOUNDS

OXD 1

OXD 2

C60 1 yne

RED 1

RED 2

RED 3

-1.04

-1.42

-1.94

RED 4

porphyrin 1 yne TMS

0.57

0.81

-1.53

-1.83

porphyrin 1 yne

0.58

0.85

-1.56

-1.86

porphyrin br

0.60

0.82

-1.57

-1.87

Zn porphyrin Br

0.46

0.69

-1.66

-1.95

Zn porphyrin

0.41

0.68

-1.75

-2.14

Znporphyrin 1 yne TMS

0.44

0.68

-1.65

-2.02

Znporphyrin 2 yne TMS

0.43

0.68

-1.60

-1.91

Zn porphyrin 1 yne

0.44

0.70

-1.68

-2.05

Ni Porphyrin

0.59

0.89

-1.69

-2.06

Ni 1 yne porphyrin

0.61

0.90

-1.65

-2.08

Ni 2 yne C60

0.64

0.91

-1.65

-1.96/-2.09

Ni porphyrin dimer

0.63

0.92

-1.62

-2.03

Ni porphyrin Br

0.62

0.91

-1.61

-2.08

-1.02

153

-1.46

Table 5.3 Potentials of all β-linked porphyrin compounds obtained by CV

COMPOUNDS

OXD 1

OXD 2

C60 1 yne

RED 1

RED 2

-1.04

-1.42

RED 3

RED 4
-1.94

porphyrin 1 yne TMS

0.57

0.81

-1.55

-1.85*

porphyrin 1 yne

0.57

0.83

-1.58

-1.87*

porphyrin br

0.59

0.8

-1.55

-1.85*

Zn porphyrin Br

0.44

0.68

-1.69

-2.07*

Zn porphyrin

0.39

0.67

-1.77

-2.2*

Znporphyrin 1 yne TMS

0.43

0.67

-1.68

-2.04*

Znporphyrin 2 yne TMS

0.43

0.68

-1.69

-2.01*

Zn porphyrin 1 yne

0.44

0.69

-1.7

-2.06*

Ni Porphyrin

0.59

0.88

-1.67

-2.07*

Ni 1 yne porphyrin

0.62

0.89

-1.62

-2.07*

Ni 2 yne C60

0.63

0.9

-1.64

-1.94*/-2.09*

Ni porphyrin dimer

0.62

0.91

-1.63

-2.05*

Ni porphyrin Br

0.63

0.88

-1.62

-2.14*

-1.04

* indicates irreversible peaks
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Electrochemistry of Porphyrin-Azobenzene- Fullerene dyads

Figure 5.18 Structures of compounds 25-29
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Figure 5.19 A) CV and B) DPV of reference compound 25
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Compound 25: Figure 5.19 shows the cyclic voltammogram (CV) and Differential
Pulse Voltammogram (DPV) of compound 25. This compound has a porphyrin core and
a spacer but no fulleropyrrolidine moiety; it is therefore used as a reference. Table 5.4
and 5.5 show the potentials that were observed. The compound shows two oxidation and
two reduction waves. The first oxidation is at +0.54 V and the second oxidation is at
+0.82 V. Both the oxidations appear to be reversible. Similarly the first reduction is at –
1.65 V and the second at –2.0V. These potentials compare well with free base porphyrin
and lend evidence that the reference compound may be a free base porphyrin derivative
rather than a zinc porphyrin derivative as indicated in the structures sent to us from
Professor Schuster. The DPV of these compounds shows similar behavior. It can be
expected that these reductions and oxidations will be seen in all of the sample compounds
as this is the fundamental moiety present in each one.
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Figure 5.20 A) CV and B) DPV of compound 26
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Figure 5.20 shows the CV and the DPV of compound 26. This compound
consists of a free base porphyrin, having p-tolyl groups on the periphery, connected to a
fulleropyrrolidine unit. This compound shows five reduction processes at –1.09 V, -1.46
V, -1.64 V and -1.76 and -2.06 V, respectively. These potentials are listed in Table 5.4.
It has been shown that N-methyl fulleropyrrolidine (NMFP) has first and second
reduction potentials at -1.10 V and –1.48 V, respectively.95 The first and the second
reductions of 26 appear to correspond to the fulleropyrrolidine unit while the third
appears to be a result of porphyrin-spacer combination as seen from reference compound
25. The last reduction appears to be a combined reduction of the fullerene and the
porphyrin-spacer moieties. The fourth reduction does not have a corresponding peak in
NMFP or the porphyrin spacer. The first oxidation potential is at +0.55 V, which again is
in agreement with the potential observed for the reference. Thus the CV of compound 25
appears to be an addition of individual CVs of the fulleropyrrolidine unit and the
porphyrin spacer unit.
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Figure 5.21 A) CV and B) DPV of compound 27
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Compound 27 differs from 26 in that the porphyrin is the zinc derivative rather
than the free base. The potentials obtained from the CV show behavior similar to 26.
Compound 27 shows two oxidation and four reduction processes.

Both oxidation

potentials are shifted cathodically by about 170 mV. This is due to the presence of
electropositive zinc in the porphyrin. The first and third reduction processes at -1.07 V
and -1.46 V correspond to the fulleropyrrolidine peaks seen for NMFP.

The third

reduction peak, which appears at -1.31 V, could be due to porphyrin spacer moiety,
analogous to the peak appearing at -1.64 V in reference compound 25 but shifted
anodically due to presence of zinc. The fourth peak, which is also seen in compound 26,
again cannot be attributed to any particular moiety. The fifth reduction is attributed to a
combination of the fullerene and porphyrin moieties and is observed at -2.04 V. It can
therefore be seen that the presence of zinc affects the oxidation and the reduction
potentials of the porphyrin but not of the fullerene. The potentials obtained from the
DPV are close to those obtained from the CV.
Compound 28 is similar in structure to 26 with the exception of 3,5-di-tertbutylphenyl groups present on the periphery of the porphyrin instead of p-tolyl groups.
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Figure 5.22 A) CV and B) DPV of compound 28
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The CV shows four reduction processes. Only one oxidation process is seen in
the CV. However, the DPV clearly shows two oxidation peaks. On comparison with the
potentials obtained from CV it can be seen that the first oxidation peak of 28 appears at
0.34 V, similar to that obtained for 27. The first and the second reduction are comparable
to NMFP.

The third peak is seen at – 1.64 V and appears to be due to the porphyrin.

The fourth peak is probably due to a combination of the fullerene and porphyrin.
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Figure 5.23 A) CV and B) DPV of compound 29
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Compound 29 is very similar in structure to 27 except that the p-tolyl groups on
the periphery of the porphyrin were replaced with 3,5-di-tert-butylphenyl groups. The
first oxidation was seen at 0.38 V, which was shifted 160 mV from first oxidation
potential of 28. This can be attributed to presence of electropositive zinc. The first and
third reductions are fullerene based, whereas the second reduction is probably porphyrin
based. The fourth reduction appears to be a result of combined fullerene and porphyrin
waves.
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Table 5.4 Potentials of all azobenzene linked porphyrin compounds obtained by DPV

DPV

REDUCTION

POTENTIALS

OXIDATION

Compound

E1

E2

Compound 25

0.57

0.85

Compound 26

0.54

0.85

-1.07

Compound 27

0.34

0.65

-1.07

Compound 28

0.54

0.85

-1.05

-1.43

Compound 29

0.30

0.70

-1.06

-1.44

E1

E2

E3

E4

E5

-1.64
-1.45
-1.32
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-1.62

-1.44

E6
-1.99

-1.71

-2.01

-1.77

-2.00

-1.64

-1.99
1.82

-1.98

Table 5.5 Potentials of all azobenzene linked porphyrin compounds obtained by CV

CV

OXIDATION

REDUCTION

POTENTIALS
compound

E1

E2

E1

E2

E3

NMFP#

0

0

-1.1

Compound 25

0.54

0.82

Compound 26

0.51

0.82

-1.09

Compound 27

0.35

0.66

-1.07

Compound 28

0.58

-1.06

-1.44

Compound 29

0.34

-1.07

-1.45

E4

E5

-1.48

-2.01
-1.65

-1.46
-1.31
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-1.64

-1.44

* indicates irreversible peaks. #Obtained from Reference 3.

E6

-1.65

-2.00*
-1.72

-2.06*

-1.78

-1.99*
-1.99*
-1.99*

Electrochemistry of porphyrin-SWNT supramolecular complexes 19

Figure 5.24 Structures of compounds 30-35

Cyclic voltammogram studies were performed in order to evaluate the electronic
properties of the compounds and also to visualize the existence of any electronic
interaction between 30 and pyridyl derivatives 31 and 32, respectively.
Figure 5.24 shows the cyclic voltammetry (CV) of 30. Two oxidations and two
reduction processes were seen in the CV. The first and the second reduction peaks were
observed at –1.77 V and –2.16 V versus Fc/Fc+, respectively, and the values are
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summarized in Table 5.6. The two oxidation processes were seen at +0.39 V and +0.69
V.

Figure 5.25 A) CV and B) DPV plot of Zinc tetraphenyl porphyrin 30
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Figure 5.26 shows the CV of 31. It can be seen that the compound shows the
characteristic behavior of C60 derivatives.

The first three reduction processes were

observed at -1.00 V, -1.39 V and -1.85 V (Table 5.6), respectively, as referenced versus
the Fc/Fc+ couple. The three processes were reversible.
observed within the potential window of the solvent.
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No oxidation peaks were

Figure 5.26. CV of isoxazolino[60]fullerene 31
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Table 5.6 Redox potentials (V vs Fc/Fc+) determined by CV of compounds 30, 31 and the
different mixtures of compound 31 titrated with 30.

COMPOUND

OXIDATION

REDUCTION

E1

E2

E1

E2

E3

30

+0.39

+0.69

NO

NO

-1.77

31

NO

NO

-1.00

-1.39

-1.85

30 + 0.5 eq 31

+0.36

+0.67

-1.13

-1.50

-1.96

30 + 1.0 eq 31

+0.33

+0.70

-1.07

-1.45

-1.90

30 + 1.5 eq 31

+0.32

+0.72

-1.07

-1.46

-1.90

a

All potentials reflect half wave potentials unless indicated otherwise indicated

Figure 5.27 shows the comparative CVs of 5 and the result of addition of 0.5 eq,
1.0 eq and 1.5 eq of 31 to 30 to form complex 34. Table 5.6 summarizes the observed
potentials. As seen here, the redox processes of complex 34 correspond to those observed
for the individual compounds 30 and 31.
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Figure 5.27. Comparative A) CV and B) DPV of 30 and 31 and the effect of addition of
0.5 eq, 1.0 eq and 1.5 eq of 31 to 30.
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The CV resulting from the addition of 0.5 eq of compound 31 to 30 shows that the
first oxidation potential, which is based on the Zn-TPP, was shifted cathodically by about
30 mV to +0.36 V as compared to that of Zn-TPP. A similar shift was observed for the
second oxidation potential, which now appears at +0.67 V.

It is well known that

nitrogenous bases will readily bind to metalloporphyrins having uncharged conjugated πsystems. Therefore this shift indicated the formation of a complex via axial coordination
of the metal from the porphyrin with the pyridyl nitrogen.
The first reduction process, which is fullerene based, also shifted cathodically by
about 130 mV as compared to the first reduction potential of compound 31. The second
reduction also shifted by about 110 mV to –1.5 V. The third reduction, which appears to
be an overlap between a porphyrin and a fullerene based redox process, appeared at –
1.96. This corresponded to a shift of about 110 mV versus compound 31 and 190 mV
versus 30. This further substantiated that both the fullerene and the porphyrin were
affected upon complexation.
On further addition of a total of 1.0 eq of 31 the first oxidation shifted further by
about 30 mV, thus resulting in a total cathodic shift of 60 mV, as compared to 30. This
again was due to complex formation.

However, the second oxidation peak shifted

anodically by 30 mV instead of the earlier cathodic shift. The reduction processes
showed similar shifts in potentials. The first reduction process shifted anodically by 60
mV. The resultant shift from the first reduction of compound 31 was 70 mV. A similar
shift was seen in the second and third reductions, which now appeared at -1.45 V and 1.89 V, respectively. This was expected as further addition of compound 31 resulted in
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the increase in concentration of free 31 and the potential is an averaged value between the
individual potentials of bound and unbound 31.

Addition of a total of 1.5 eq of

compound 31 showed a further 10 mV cathodic shift in the reduction potentials. Thus
axial ligation resulted in complex formation between the functionalized fullerene and the
zinc porphyrin, leading to noticeable shifts of the potentials for the complex with respect
to those exhibited separately by both components.
An analogous electrochemical study was done with the SWNT derivative, 32.
Compound 32 and its precursor 33 did not show any oxidation or reduction peaks. The
CV displayed cathodic currents beyond -0.6 V which were attributed to the reduction of
soluble SWNT’s as was reported earlier.24 Figure 5.28 shows the CV of isoxazoline
functionalized SWNT 32.
4
3

current μA

2
1
0
-1
-2
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Potential V vs Fc/Fc

+

Figure 5.28. CV of isoxazoline functionalized SWNT 33.
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Figure 5.29 shows the comparative A) CV and B) DPVs of 30 with 0.5, 1.0 and 1.5
weight equivalents of SWNT 32.
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Figure 5.29. Comparative CV (a) and OSWV (b) of 30 with 0.5, 1.0, 1.5 weight
equivalents of 32.
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Addition of 0.5 weight equivalents of compound 32 to a solution of 30 resulted in
remarkable changes in the CV. All the peaks underwent considerable broadening and the
calculation of half wave potentials was not possible. The data obtained from OSWV was
therefore used for comparison, since it showed clearer peak maxima.
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Figure 5.29 shows the corresponding A )CVs and B) OSWV of 30, 32 and 0.5, 1.0 and
1.5 eq of 31 added to a solution of 30 while the oxidation and reduction
potentials are listed in Table 5.7.
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Table 5.7 Redox potentials (V vs Fc/Fc+) determined by CV of compounds 32, 30 and
the different mixtures of compound 32 titrated with 30

COMPOUND

OXIDATION

REDUCTION

E1

E2

E1

E2

6

+0.39

+0.69

-1.77

-2.16

6 + 0.5 eq 4

+0.29

+0.53

-1.86

-2.20

6 + 1.0eq 4

+0.24

+0.52

-1.90

-2.23

6 +1.5 eq 4

+0.24

+0.52

-1.89

-2.23

The first oxidation peak of 30, which appeared at +0.39 V versus the
ferrocene/ferrocenium couple, shifted cathodically by almost 100 V to +0.29 V. It was
also seen that the second oxidation was composed of two individual processes, one
corresponding to the appearance of a new peak at +0.53 V, and another, at +0.69 V. This
is probably a result of the second oxidation process of free 30. Similarly, the first
reduction potential also shifted cathodically and was broadened by 90 mV and appeared
at -1.86 V.
Further addition of 0.5 weight equivalents of functionalized SWNT 32 resulted in
a cathodic shift in the first oxidation by about 50 mV to +0.24 V. The second oxidation
peak appeared at +0.52 V and the peak seen earlier at +0.69 V disappeared completely.
The first reduction process shifted further cathodically to -1.90 V, which was a shift of 40
mV compared to the previously observed value and a total of 130 mV compared to free
30. However, further addition of 0.5 weight equivalents of compound 32 had no effect
on the potentials but led to broadening of the waves.
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When the experiment was conducted with compound 33, no shifts in redox
potentials were observed, indicating that the shifts obtained were indeed due to complex
formation and not due to noncovalent interactions between the porphyrins and the
SWNT’s.
The large shifts in oxidation and reduction potentials firmly support an interaction
of the SWNT 32 with 30 via axial ligation of pyridyl units to the metal center.
Conclusions:
Cyclic and differential pulse voltammetry measurements for the α–alkynyl-linked
porphyrin dyads have shown that the ZnP and C60 components are electronically coupled,
probably due to a combination of conjugative and weak donor acceptor interactions, with
the degree of interaction between the chromophores decreasing with increasing length of
the alkynyl chain. The measurements for the β–alkynyl-linked porphyrins confirm that
the porphyrin and fullerene moieties in dyads are not electronically coupled to any
detectable extent in the dyad ground states. This may be in part due to the unfavorable
orbital interactions between the porphyrin and C60 when the porphyrin is connected at the
β-position. In case of the azobenzene-linked dyads, no interaction of the fullerene and
porphyrin (HP/ZnP) moieties in the ground state was observed. There was also no
evidence that the photoinduced cis/trans isomerization was occurring in these azo-linked
dyads. This indicates that the intramolecular energy and electron transfer processes are
much faster than the photoisomerization following electronic excitation. As mentioned
above, some evidence of photochemical decomposition on continued irradiation was
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noted. This study provides preliminary data which should justify further development of
such D-A systems.
Pyridyl-functionalized SWNTs form complexes with Zn-porphyrin similar to the
pyridyl-derivatized C60. The occurrence of this complex was clearly revealed by the
shifts in CV and DPV potentials of Zn-TPP in the presence of pyridyl-functionalized
SWNTs, similar but larger than for the corresponding fullerene analogues. However, no
charge transfer could be confirmed; thus photophysical studies would be needed for
proving or disproving the occurrence of charge transfer in this complex.
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CHAPTER SIX
SELECTIVE ANION SENSING BASED ON TETRA-AMIDE CALIX[6]ARENE
DERIVATIVES
Introduction
Using supramolecular chemistry as a tool for cation and anion recognition was first
reported in the late 1960s.96,

97

This triggered a remarkably rapid progress in

supramolecular cation recognition using a broad range of cyclic and acyclic multidentate
receptors.98-100 In contrast, progress in the recognition of anions has been much slower.
This is probably due to the relatively higher solvation energy, larger ionic radii, more
diffuse nature, wider variety of topologies, and greater pH sensitivity of anions as
compared to cations.101 Biological detection of anions has proven to be extremely
difficult as it takes place mainly in aqueous systems where solvation is strong. However,
over the past decade, the design of anion receptors and the study of anion sensing have
gained enormous attention and have become important areas in supramolecular
chemistry. This interest has been fueled by the important roles anions play in biological
processes, food chemistry, medicine, and environmental sciences.102,

103

Many

structurally sophisticated hosts have been developed, some of which exhibit impressive
anion selectivity.104-108
Among the various hosts available for sensing, calixarenes have been extensively
used for sensing of cations. In supramolecular chemistry, more rigid cavities can form
more stable inclusion complexes. However a conformationally fixed calix[6]arene cavity
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is very difficult to obtain because of its flexibility. To prepare a more rigid calix[6]arene
cavity, a crown ether bridge at the lower rim of the calix[6]arene is generally added,
making the calix[6]arene cavity frozen in a cone conformation.109

Our group has

recently demonstrated the selectivity of calix[6]crown-4 on recognizing aromatic amine
cations.110 In this appendix we discuss two calix[6]crown-4 based receptors 1 and 2
(Scheme 1) which are capable of binding anions while retaining the capability of binding
to cations
Experimental Section
General: p-tert-Butylcalix[6]arene, NaCl, NaBr, NaNO3, NaHSO4, NaH2PO4,
CH3COONa, NaF, Bu4NCl, Bu4NBr, Bu4NNO3, Bu4NHSO4, Bu4NH2PO4, Bu4NAcO,
Bu4NF, were obtained commercially and used as obtained. Compounds 1 and 2 were
synthesized in the Echegoyen group laboratory as per the published procedure.111 NMR
spectra were recorded on a Bruker AC 300 or 500 or on a JEOL Eclipse+ 500
spectrometer. UV-Vis spectroscopy was performed on a Shimadzu 2101 PC
spectrophotometer. Fluorescence spectroscopy was performed using a custom built
instrument obtained from PTI (Photon Technology International).
Results and Discussions
Scheme 6.1 shows the structures of compound 1 and 2
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Scheme 6.1 Structure of compounds 1 and 2.
1

H NMR titration of compound 1 with different anions: The anion binding ability of

receptor 1 was investigated initially by the addition of monovalent anions such as Cl-, Br-,
NO3-, HSO4-, H2PO4-, AcO-, and F-. These were added as their tetrabutylammonium salts
to solutions of 1 in CDCl3. Two different NH signals were observed at 7.00 and 7.84
ppm, which were monitored upon anion binding. The NH signals did not shift upon
addition of Br-, NO3- and HSO4-, indicating that compound 1 did not form complexes
with these anions, as shown in Figure 6.1
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1 + F1 + AcO1 + H2PO41 + Cl1 + HSO41 + Br1 + NO31

Figure 6.1 1H NMR spectra (500 MHz, 298 K) of compound 1 in CDCl3 at room
temperature in the absence and presence of two equivalents of different
anions.
Upon addition of F-, significant downfield shifts were observed due to hydrogen
bonding interactions. This was not surprising since the small size and high charge
density of F- make it a strong hydrogen bond acceptor. Compared to the addition of F-,
smaller shifts of the NH signals were found in the cases of Cl-, H2PO4- and AcO-. Single
peaks at 7.03 and 7.84 ppm shifted downfield to 7.84 and 8.48 ppm in the presence of 3.4
equivalents of F- (Figure 6.2).

Titration of 1 with AcO- resulted in downfield shifts of
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the NH signals to 8.05 and 8.68 ppm in the presence of 24 equivalents of AcO-. The
signals for other protons in compound 1 exhibited essentially no shift upon AcO- or Faddition except the signals for the methylene bridge protons. Some of the doublets at
4.2-4.6 ppm overlapped and shifted upon the addition of F-, indicating that the
conformation of compound 1 is somehow affected upon anion complexation.
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2.88 a
2.36
1.83
1.31

b
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b
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b

0.79
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0
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Figure 6.2 1H NMR spectra (500 MHz, 298K) of compound 1 in CDCl3 at room
temperature in the absence and presence of increasing [F-].
Obviously, compound 1 binds more strongly with F- than with AcO-. In addition,
when AcO- or F- was added, the signals of the amide protons were broadened. The peak
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intensities decreased and eventually disappeared if a large excess of the anion was added.
This observation indicated the formation of strong hydrogen bonds between the amide
NH and the anions. Binding constants of compound 1 with AcO-and F- are 238 (± 23)
and 326 (±32) M-1, respectively, calculated using the procedure previously described.112
1

H NMR titration of compound 2 with different anions: Variations of the 1H NMR

spectrum of 2 in CDCl3 in the presence of different anions were also followed.
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Figure 6.3 1H NMR spectra (500 MHz, 298K) of compound 2 in CDCl3 at room
temperature in the absence and presence of increasing [F-].
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The NH signals were not affected upon addition of NO3-, were slightly shifted in the
presence of Cl-, Br-, H2PO4-, and HSO4-, and changed significantly upon additions of Fand AcO-. Compound 2 was systematically titrated with F- and AcO-. The broad amide
NH signal at 7.92 ppm shifted downfield to 8.61 ppm while the signal at 6.91 ppm shifted
downfield but overlapped with other signals in the presence of 4.3 equivalents of F- .
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Figure 6.4 1H NMR spectra (500 MHz, 298K) of compound 2 in CDCl3 at room
temperature in the absence and presence of increasing [AcO-].
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These NH signals shifted downfield to 8.22 and 8.81 ppm upon addition of 17.8
equivalents of AcO- (Figure 6.4). Again the NH signals were broadened and the peak
intensity decreased upon increasing the concentration of anions. Similar to the titration
of 1, some of the doublets for the bridged methylene protons overlapped upon addition of
AcO-and F-, suggesting a conformational change induced by anion complexation.
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Figure 6.5 Titration results corresponding to the chemical shift of amide protons of 2
when titrated against F-. Solid line indicates the curve obtained by non
linear fitting which yields the K value of 222(± 25).
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Fitting of the experimental data gave the binding constants of 222 (±25) and 176
(±21) M-1 for complexes of 2 with AcO-and F-, respectively (Figure 6.5).
Fluorescent sensing of anions by compound 2: Further insight and quantitative evaluation
of the anion binding ability of 2 was derived from fluorescence quenching experiments.
The titration experiment was performed in CHCl3 using Cl-, Br-, NO3-, HSO4-, H2PO4-,
AcO-, or F-, added as their tetrabutylammonium salts. With excitation at 350 nm,
compound 2 exhibited monomer and excimer emission at 380 and 483 nm, respectively.

blank
chloride
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Figure 6.6 Fluorescence spectra of compound 2 in CHCl3 at room temperature in the
absence and presence of 20 equivalents of different anions.
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As shown in Figure 6.6, addition of F- to 2 leads to a drastic change in the
fluorescence spectrum, with decreases in both monomer and excimer emissions. The
fluorescence quenching is attributed to the fact that complexation of F- induces a
conformational change of the amide groups, giving rise to a quenched excimer emission.
It is worth mentioning that the quenching efficiency reached a limiting value
corresponding to 40 equivalents of added F- (see Figure 6.7).
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Figure 6.7 Fluorescence spectra (excited at 346 nm) of compound 2 in CHCl3 at room
temperature in the absence and presence of increasing equivalents of [F-].
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Similarly, quenching was also observed when acetate anion was added to a
solution of 2 (Figure 6.8). On the basis of the change of the fluorescence intensity upon
stepwise addition of anions, the binding constants of 2 with F- and AcO- were calculated
to be 273 (±78) and 193 (±63) M-1, respectively, using nonlinear least-square curve
fitting.
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Figure 6.8 Fluorescence spectra (excited at 346 nm) of compound 2 in CHCl3 at room
temperature in the absence and presence increasing equivalents of [AcO-].
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In contrast, the fluorescent titration of 2 with Cl-, Br-, NO3-, HSO4-, and H2PO4resulted in essentially no change of excimer emission and a slight enhancement of
monomer emission. This indicates that even though these anions interact with the amide
groups, the interaction is not as strong as in the case of F- and AcO-.
Conclusion
Two previously synthesiszed anion receptors, 1 and 2, based on the
calix[6]crown-4 architecture, were analyzed for their response to various anions.

1

H

NMR measurements demonstrated that receptors 1 and 2 exhibited the highest binding
affinity for fluoride ions compared to other anions including Cl-, Br-, NO3-, HSO4-,
H2PO4-, and AcO-. The binding constants of 1 with F- and AcO- are 326 (±32) and 238 (±
23) M-1, while those of 2 for F- and AcO- are 222 (±25) and 176 (±21) M-1. The
fluorescent titration of 2 with various anions such as Cl-, Br-, NO3-, HSO4-, and H2PO4led to essentially no change of excimer emission and a slight enhancement of monomer
emission. In contrast, a dramatic change was observed in the fluorescence spectra upon
the addition of F- and AcO- to 2. This methodology could be important for biosensing
since biochemical anion binding processes occur in aqueous media. One can expect that
using such techniques will eventually facilitate the design of anion receptors.

194

LIST OF REFERENCES
1.

Gratzel, M., Photovoltaic and photoelectrochemical conversion of solar energy.
Philosophical Transactions of the Royal Society a-Mathematical Physical and
Engineering Sciences 2007, 365, (1853), 993-1005.

2.

Kroto, H. W.; Heath, J. R.; Obrien, S. C.; Curl, R. F.; Smalley, R. E., C60 Buckminsterfullerene. Nature 1985, 318, (6042), 162-163.

3.

Iijima, S., Helical Microtubules of Graphitic Carbon. Nature 1991, 354, (6348), 5658.

4.

Iijima, S.; Yudasaka, M.; Yamada, R.; Bandow, S.; Suenaga, K.; Kokai, F.;
Takahashi, K., Nano-aggregates of single-walled graphitic carbon nano-horns.
Chemical Physics Letters 1999, 309, (3-4), 165-170.

5.

Ugarte, D., Curling and Closure of Graphitic Networks under Electron-Beam
Irradiation. Nature 1992, 359, (6397), 707-709.

6.

Sun, Y. P.; Fu, K. F.; Lin, Y.; Huang, W. J., Functionalized carbon nanotubes:
Properties and applications. Accounts of Chemical Research 2002, 35, (12), 10961104.

7.

Endo, M.; Hayashi, T.; Kim, Y. A., Large-scale production of carbon nanotubes and
their applications. Pure and Applied Chemistry 2006, 78, (9), 1703-1713.

8.

Smalley, R. E.; Yakobson, B. I., The future of the fullerenes. Solid State
Communications 1998, 107, (11), 597-606.

9.

Baughman, R. H.; Zakhidov, A. A.; de Heer, W. A., Carbon nanotubes - the route
toward applications. Science 2002, 297, (5582), 787-792.

10.

Echegoyen, L.; Echegoyen, L. E., Electrochemistry of fullerenes and their
derivatives. Accounts of Chemical Research 1998, 31, (9), 593-601.

11.

Sgobba, V.; Rahman, G. M. A.; Guldi, D. M.; Jux, N.; Campidelli, S.; Prato, M.,
Supramolecular Assemblies of Different Carbon Nanotubes for Photoconversion
Processes. Advanced Materials 2006, 18, (17), 2264-2269.

12.

Hirsch, A., Principles of fullerene reactivity. Fullerenes and Related Structures
1999, 199, 1-65.

13.

Guldi, D. M., Fullerene-porphyrin architectures; photosynthetic antenna and
reaction center models. Chemical Society Reviews 2002, 31, (1), 22-36.

195

14.

Janssen, R. A. J.; Hummelen, J. C.; Saricifti, N. S., Polymer-fullerene bulk
heterojunction solar cells. MRS Bulletin 2005, 30, (1), 33-36.

15.

Hasobe, T.; Saito, K.; Kamat, P. V.; Troiani, V.; Qiu, H.; Solladie, N.; Kim, K. S.;
Park, J. K.; Kim, D.; D'Souza, F.; Fukuzumi, S., Organic solar cells.
Supramolecular composites of porphyrins and fullerenes organized by polypeptide
structures as light harvesters. In 2007; Vol. 17, pp 4160-4170.

16. W. Ma, C. Y. X. G. K. L. A. J. H., Thermally Stable, Efficient Polymer Solar Cells
with Nanoscale Control of the Interpenetrating Network Morphology. In 2005; Vol.
15, pp 1617-1622.
17.

Li, G.; Shrotriya, V.; Huang, J.; Yao, Y.; Moriarty, T.; Emery, K.; Yang, Y., Highefficiency solution processable polymer photovoltaic cells by self-organization of
polymer blends. Nat Mater 2005, 4, (11), 864-868.

18.

Kim, Y.; Cook, S.; Tuladhar, S. M.; Choulis, S. A.; Nelson, J.; Durrant, J. R.;
Bradley, D. D. C.; Giles, M.; McCulloch, I.; Ha, C.-S.; Ree, M., A strong
regioregularity effect in self-organizing conjugated polymer films and highefficiency polythiophene:fullerene solar cells. Nat Mater 2006, 5, (3), 197-203.

19.

Langa, F.; de la Cruz, P.; Espildora, E.; Gonzalez-Cortes, A.; de la Hoz, A.; LopezArza, V., Synthesis and properties of isoxazolo[60]fullerene - Donor dyads. Journal
of Organic Chemistry 2000, 65, (25), 8675-8684.

20.

D'Souza, F.; Deviprasad, G. R.; Zandler, M. E.; El-Khouly, M. E.; Fujitsuka, M.;
Ito, O., Electronic interactions and photoinduced electron transfer in covalently
linked porphyrin-C-60(pyridine) diads and supramolecular triads formed by selfassembling the diads and zinc porphyrin. Journal of Physical Chemistry B 2002,
106, (19), 4952-4962.

21.

D'Souza, F.; Deviprasad, G. R.; Rahman, M. S.; Choi, J. P., Self-assembled
porphyrin-C-60 and porphycene-C-60 complexes via metal axial coordination.
Inorganic Chemistry 1999, 38, (9), 2157-2160.

22. Andreas, H., Functionalization of Single-Walled Carbon Nanotubes. Angewandte
Chemie International Edition 2002, 41, (11), 1853-1859.
23.

Guldi, D. M.; Marcaccio, M.; Paolucci, D.; Paolucci, F.; Tagmatarchis, N.; Tasis,
D.; Vazquez, E.; Prato, M., Single-wall carbon nanotube-ferrocene nanohybrids:
Observing intramolecular electron transfer in functionalized SWNTs. Angewandte
Chemie-International Edition 2003, 42, (35), 4206-4209.

196

24.

Melle-Franco, M.; Marcaccio, M.; Paolucci, D.; Paolucci, F.; Georgakilas, V.;
Guldi, D. M.; Prato, M.; Zerbetto, F., Cyclic voltammetry and bulk electronic
properties of soluble carbon nanotubes. Journal of the American Chemical Society
2004, 126, (6), 1646-1647.

25.

Guldi, D. M.; Rahman, G. M. A.; Zerbetto, F.; Prato, M., Carbon Nanotubes in
Electron Donor-Acceptor Nanocomposites. In 2005; Vol. 38, pp 871-878.

26.

Cabioch, T.; Riviere, J. P.; Delafond, J., A New Technique for Fullerene Onion
Formation. Journal of Materials Science 1995, 30, (19), 4787-4792.

27.

Cabioch, T.; Riviere, J. P.; Jaouen, M.; Delafond, J.; Denanot, M. F., Fullerene
onion formation by carbon-ion implantation into copper. Synthetic Metals 1996, 77,
(1-3), 253-256.

28.

Mordkovich, V. Z., Multishell and giant fullerenes in laser pyrolysis carbon blacks.
Molecular Materials 2000, 13, (1-4), 371-376.

29. Mordkovich, V. Z., The observation of large concentric shell fullerenes and
fullerene-like nanoparticles in laser pyrolysis carbon blacks. Chemistry of Materials
2000, 12, (9), 2813-2818.
30.

Mordkovich, V. Z.; Umnov, A. G.; Inoshita, T.; Endo, M., The observation of
multiwall fullerenes in thermally treated laser pyrolysis carbon blacks. Carbon
1999, 37, (11), 1855-1858.

31.

Kuznetsov, V. L.; Chuvilin, A. L.; Butenko, Y. V.; Malkov, I. Y.; Titov, V. M.,
Onion-Like Carbon from Ultra-Disperse Diamond. Chemical Physics Letters 1994,
222, (4), 343-348.

32. Sano, N.; Wang, H.; Chhowalla, M.; Alexandrou, I.; Amaratunga, G. A. J.,
Nanotechnology - Synthesis of carbon 'onions' in water. Nature 2001, 414, (6863),
506-507.
33.

Nikolaev, P.; Bronikowski, M. J.; Bradley, R. K.; Rohmund, F.; Colbert, D. T.;
Smith, K. A.; Smalley, R. E., Gas-phase catalytic growth of single-walled carbon
nanotubes from carbon monoxide. Chemical Physics Letters 1999, 313, (1-2), 9197.

34.

Palkar, A.; Melin, F.; Cardona, Claudia M.; Elliott, B.; Naskar, Amit K.; Edie,
Danny D.; Kumbhar, A.; Echegoyen, L., Reactivity Differences between Carbon
Nano Onions (CNOs) Prepared by Different Methods. Chemistry - An Asian
Journal 2007, 2, (5), 625-633.

197

35.

Vail, S. A.; Krawczuk, P. J.; Guldi, D. M.; Palkar, A.; Echegoyen, L.; Tome, J. P.
C.; Fazio, M. A.; Schuster, D. I., Energy and electron transfer in polyacetylenelinked zinc-porphyrin[60]fullerene molecular wires. Chemistry-a European Journal
2005, 11, (11), 3375-3388.

36.

Vail, S. A.; Schuster, D. I.; Guldi, D. M.; Isosomppi, M.; Tkachenko, N.;
Lemmetyinen, H.; Palkar, A.; Echegoyen, L.; Chen, X. H.; Zhang, J. Z. H., Energy
and electron transfer in beta-alkynyl-linked porphyrin-[60]fullerene dyads. Journal
of Physical Chemistry B 2006, 110, (29), 14155-14166.

37. Alvaro, M.; Atienzar, P.; la Cruz, P.; Delgado, J. L.; Troiani, V.; Garcia, H.; Langa,
F.; Palkar, A.; Echegoyen, L., Synthesis, photochemistry, and electrochemistry of
single-wall carbon nanotubes with pendent pyridyl groups and of their metal
complexes with zinc porphyrin. Comparison with pyridyl-bearing fullerenes.
Journal of the American Chemical Society 2006, 128, (20), 6626-6635.
38.

Diener, M. D.; Alford, J. M., Isolation and properties of small-bandgap fullerenes.
Nature 1998, 393, (6686), 668-671.

39.

Komatsu, K.; Murata, M.; Murata, Y., Encapsulation of Molecular Hydrogen in
Fullerene C60 by Organic Synthesis. In 2005; Vol. 307, pp 238-240.

40. Saunders, M.; Jimenez-Vazquez, H. A.; Cross, R. J.; Poreda, R. J., Stable
Compounds of Helium and Neon: He@C60 and Ne@C60. In 1993; Vol. 259, pp
1428-1430.
41.

Waiblinger, M.; Lips, K.; Harneit, W.; Weidinger, A.; Dietel, E.; Hirsch, A.,
Corrected Article: Thermal stability of the endohedral fullerenes N@C60, N@C70,
and P@C60 [Phys. Rev. B 63, 045421 (2001)]. Physical Review B 2001, 64, (15),
159901.

42.

Stevenson, S.; Rice, G.; Glass, T.; Harich, K.; Cromer, F.; Jordan, M. R.; Craft, J.;
Hadju, E.; Bible, R.; Olmstead, M. M.; Maitra, K.; Fisher, A. J.; Balch, A. L.; Dorn,
H. C., Small-bandgap endohedral metallofullerenes in high yield and purity. Nature
1999, 401, (6748), 55-57.

43.

Kuznetsov, V. L.; Zilberberg, I. L.; Butenko, Y. V.; Chuvilin, A. L.; Segall, B.,
Theoretical study of the formation of closed curved graphite-like structures during
annealing of diamond surface. Journal of Applied Physics 1999, 86, (2), 863-870.

44.

Sano, N.; Wang, H.; Alexandrou, I.; Chhowalla, M.; Teo, K. B. K.; Amaratunga, G.
A. J.; Iimura, K., Properties of carbon onions produced by an arc discharge in
water. Journal of Applied Physics 2002, 92, (5), 2783-2788.

198

45.

Mamezaki, O.; Adachi, H.; Tomita, S.; Fujii, M.; Hayashi, S., Thin films of carbon
nanocapsules and onion-like graphitic particles prepared by the cosputtering
method. Japanese Journal of Applied Physics Part 1-Regular Papers Short Notes &
Review Papers 2000, 39, (12A), 6680-6683.

46. Rettenbacher, A. S.; Elliott, B.; Hudson, J. S.; Amirkhanian, A.; Echegoyen, L.,
Preparation and functionalization of multilayer fullerenes (carbon nano-onions).
Chemistry-a European Journal 2005, 12, (2), 376-387.
47.

Kuznetsov, V. L.; Chuvilin, A. L.; Moroz, E. M.; Kolomiichuk, V. N.;
Shaikhutdinov, S. K.; Butenko, Y. V.; Malkov, I. Y., Effect of Explosion
Conditions on the Structure of Detonation Soots - Ultradisperse Diamond and
Onion Carbon. Carbon 1994, 32, (5), 873-882.

48.

Okotrub, A. V.; Bulusheva, L. G.; Kuznetsov, V. L.; Butenko, Y. V.; Chuvilin, A.
L.; Heggie, M. I., X-ray emission studies of the valence band of nanodiamonds
annealed at different temperatures. Journal of Physical Chemistry A 2001, 105,
(42), 9781-9787.

49. Roddatis, V. V.; Kuznetsov, V. L.; Butenko, Y. V.; Su, D. S.; Schlogl, R.,
Transformation of diamond nanoparticles into carbon onions under electron
irradiation. Physical Chemistry Chemical Physics 2002, 4, (10), 1964-1967.
50.

Tomita, S.; Sakurai, T.; Ohta, H.; Fujii, M.; Hayashi, S., Structure and electronic
properties of carbon onions. Journal of Chemical Physics 2001, 114, (17), 74777482.

51.

Rajesh, B.; Thampi, K. R.; Bonard, J. M.; Xanthopoulos, N.; Mathieu, H. J.;
Viswanathan, B., Carbon nanotubes generated from template carbonization of
polyphenyl acetylene as the support for electrooxidation of methanol. Journal of
Physical Chemistry B 2003, 107, (12), 2701-2708.

52. Takano, S.; Uruno, T.; Kinjo, T.; Tlomak, P.; Ju, C. P., Structure and Properties of
Unidirectionally Reinforced Pan-Resin Based Carbon-Carbon Composites. Journal
of Materials Science 1993, 28, (20), 5610-5619.
53. Georgakilas, V.; Guldi, D. M.; Signorini, R.; Bozio, R.; Prato, M., Organic
functionalization and optical properties of carbon onions. Journal of the American
Chemical Society 2003, 125, (47), 14268-14269.
54.

Braun, M.; Camps, X.; Vostrowsky, O.; Hirsch, A.; Endress, E.; Bayerl, T. M.;
Birkert, O.; Gauglitz, G., Synthesis of a biotinated lipofullerene as a new type of
transmembrane anchor. European Journal of Organic Chemistry 2000, (7), 11731181.

199

55.

Tang, X. P.; Kleinhammes, A.; Shimoda, H.; Fleming, L.; Bennoune, K. Y.; Sinha,
S.; Bower, C.; Zhou, O.; Wu, Y., Electronic structures of single-walled carbon
nanotubes determined by NMR. Science 2000, 288, (5465), 492-494.

56.

Zhang, M.; Yudasaka, M.; Bandow, S.; Iijima, S., Thermogravimetric analysis for
the array of C60 molecules formed in single-wall carbon nanotube. Chemical
Physics Letters 2003, 369, (5-6), 680-683.

57.

Obraztsova, E. D.; Fujii, M.; Hayashi, S.; Kuznetsov, V. L.; Butenko, Y. V., Raman
identification of onion-like carbon. Carbon 1998, 36, (5-6), 821-826.

58. Tuinstra, F.; Koenig, J. L., Raman Spectrum of Graphite. The Journal of Chemical
Physics 1970, 53, (3), 1126-1130.
59. Bingel, C., Cyclopropylation of Fullerenes. Chemische Berichte-Recueil 1993, 126,
(8), 1957-1959.
60.

Hirsch, A.; Lamparth, I.; Grosser, T.; Karfunkel, H. R., Regiochemistry of Multiple
Additions to the Fullerene Core - Synthesis of a T-H-Symmetrical Hexakisadduct of
C-60 with Bis(Ethoxycarbonyl)Methylene. Journal of the American Chemical
Society 1994, 116, (20), 9385-9386.

61.

Liang, F.; Beach, J. M.; Rai, P. K.; Guo, W. H.; Hauge, R. H.; Pasquali, M.;
Smalley, R. E.; Billups, W. E., Highly exfoliated water-soluble single-walled
carbon nanotubes. Chemistry of Materials 2006, 18, (6), 1520-1524.

62. Yang, Y. Y.; Chen, S. W.; Xue, Q. B.; Biris, A.; Zhao, W., Electron transfer
chemistry of octadecylamine-functionalized single-walled carbon nanotubes.
Electrochimica Acta 2005, 50, (15), 3061-3067.
63. Bower, C.; Kleinhammes, A.; Wu, Y.; Zhou, O., Intercalation and partial
exfoliation of single-walled carbon nanotubes by nitric acid. Chemical Physics
Letters 1998, 288, (2-4), 481-486.
64.

Hostetler, M. J.; Wingate, J. E.; Zhong, C. J.; Harris, J. E.; Vachet, R. W.; Clark, M.
R.; Londono, J. D.; Green, S. J.; Stokes, J. J.; Wignall, G. D.; Glish, G. L.; Porter,
M. D.; Evans, N. D.; Murray, R. W., Alkanethiolate Gold Cluster Molecules with
Core Diameters from 1.5 to 5.2 nm: Core and Monolayer Properties as a Function
of Core Size. Langmuir 1998, 14, (1), 17-30.

65.

Tomita, S.; Fujii, M.; Hayashi, S., Optical extinction properties of carbon onions
prepared from diamond nanoparticles. Physical Review B 2002, 66, (24), -.

200

66.

Cioffi, C.; Campidelli, S.; Sooambar, C.; Marcaccio, M.; Marcolongo, G.;
Meneghetti, M.; Paolucci, D.; Paolucci, F.; Ehli, C.; Rahman, G. M. A.; Sgobba, V.;
Guldi, D. M.; Prato, M., Synthesis, characterization, and photoinduced electron
transfer in functionalized single wall carbon nanohorns. Journal of the American
Chemical Society 2007, 129, (13), 3938-3945.

67.

Boudon, C.; Gisselbrecht, J. P.; Gross, M.; Isaacs, L.; Anderson, H. L.; Faust, R.;
Diederich, F., Electrochemistry of Mono-Adducts through Hexakis-Adducts of C60. Helvetica Chimica Acta 1995, 78, (5), 1334-1344.

68. Nakayama-Ratchford, N.; Bangsaruntip, S.; Sun, X. M.; Welsher, K.; Dai, H. J.,
Noncovalent functionalization of carbon nanotubes by fluorescein-polyethylene
glycol: Supramolecular conjugates with pH-dependent absorbance and
fluorescence. Journal of the American Chemical Society 2007, 129, (9), 2448-+.
69. Lin, Y. H.; Yantasee, W.; Wang, J., Carbon nanotubes (CNTs) for the development
of electrochemical biosensors. Frontiers in Bioscience 2005, 10, 492-505.
70.

Sun, Y. P.; Zhou, B.; Lin, Y.; Wang, W.; Fernando, K. A. S.; Pathak, P.; Meziani,
M. J.; Harruff, B. A.; Wang, X.; Wang, H.; Luo, P. G.; Yang, H.; Kose, M. E.;
Chen, B.; Veca, L. M.; Xie, S. Y., Quantum-Sized Carbon Dots for Bright and
Colorful Photoluminescence. J. Am. Chem. Soc. 2006, 128, (24), 7756-7757.

71.

Bruchez, M.; Moronne, M.; Gin, P.; Weiss, S.; Alivisatos, A. P., Semiconductor
nanocrystals as fluorescent biological labels. Science 1998, 281, (5385), 2013-2016.

72.

Wilson, W. L.; Szajowski, P. F.; Brus, L. E., Quantum Confinement in SizeSelected, Surface-Oxidized Silicon Nanocrystals. Science 1993, 262, (5137), 12421244.

73.

Kirchner, C.; Liedl, T.; Kudera, S.; Pellegrino, T.; Javier, A. M.; Gaub, H. E.;
Stolzle, S.; Fertig, N.; Parak, W. J., Cytotoxicity of colloidal CdSe and CdSe/ZnS
nanoparticles. Nano Letters 2005, 5, (2), 331-338.

74. Guzman, K. A. D.; Taylor, M. R.; Banfield, J. F., Environmental risks of
nanotechnology: National nanotechnology initiative funding, 2000-2004.
Environmental Science & Technology 2006, 40, (5), 1401-1407.
75.

Asokan, S.; Krueger, K. M.; Alkhawaldeh, A.; Carreon, A. R.; Mu, Z. Z.; Colvin,
V. L.; Mantzaris, N. V.; Wong, M. S., The use of heat transfer fluids in the
synthesis of high-quality CdSe quantum dots, core/shell quantum dots, and quantum
rods. Nanotechnology 2005, 16, (10), 2000-2011.

201

76.

Sun, Y. P.; Zhou, B.; Lin, Y.; Wang, W.; Fernando, K. A. S.; Pathak, P.; Meziani,
M. J.; Harruff, B. A.; Wang, X.; Wang, H. F.; Luo, P. J. G.; Yang, H.; Kose, M. E.;
Chen, B. L.; Veca, L. M.; Xie, S. Y., Quantum-sized carbon dots for bright and
colorful photoluminescence. Journal of the American Chemical Society 2006, 128,
(24), 7756-7757.

77. Reynolds, G. A.; Drexhage, K. H., New Coumarin Dyes with Rigidized Structure
for Flashlamp-Pumped Dye Lasers. Optics Communications 1975, 13, (3), 222-225.
78. Jones, G.; Jackson, W. R.; Choi, C.; Bergmark, W. R., Solvent Effects on Emission
Yield and Lifetime for Coumarin Laser-Dyes - Requirements for a Rotatory Decay
Mechanism. Journal of Physical Chemistry 1985, 89, (2), 294-300.
79.

Baibarac, M.; Gomez-Romero, P., Nanocomposites based on conducting polymers
and carbon nanotubes: From fancy materials to functional applications. Journal of
Nanoscience and Nanotechnology 2006, 6, (2), 289-302.

80.

Rajalakshmi, N.; Ryu, H.; Shaijumon, M. M.; Ramaprabhu, S., Performance of
polymer electrolyte membrane fuel cells with carbon nanotubes as oxygen
reduction catalyst support material. Journal of Power Sources 2005, 140, (2), 250257.

81.

Goldshleger, N. F., Fullerenes and fullerene-based materials in catalysis. Fullerene
Science and Technology 2001, 9, (3), 255-280.

82.

Fujita, M.; Ogura, K., Self-Assembly of Well-Defined Organic Structures Via
Molecular Recognition through Coordination - from Macrocyclic-Compounds to
[2]Catenanes. Journal of Synthetic Organic Chemistry Japan 1994, 52, (10), 839849.

83. Tat, F. T.; Zhou, Z. G.; MacMahon, S.; Song, F. Y.; Rheingold, A. L.; Echegoyen,
L.; Schuster, D. I.; Wilson, S. R., A new fullerene complexation ligand: Npyridylfulleropyrrolidine. Journal of Organic Chemistry 2004, 69, (14), 4602-4606.
84.

Chhowalla, M.; Wang, H.; Sano, N.; Teo, K. B. K.; Lee, S. B.; Amaratunga, G. A.
J., Carbon onions: Carriers of the 217.5 nm interstellar absorption feature. Physical
Review Letters 2003, 90, (15), -.

85. Ni, Z. H.; Fan, H. M.; Feng, Y. P.; Shen, Z. X.; Yang, B. J.; Wu, Y. H., Raman
spectroscopic investigation of carbon nanowalls. Journal of Chemical Physics 2006,
124, (20).
86.

MacMahon, S.; Fong, R.; Baran, P. S.; Safonov, I.; Wilson, S. R.; Schuster, D. I.,
Synthetic approaches to a variety of covalently linked porphyrin-fullerene hybrids.
Journal of Organic Chemistry 2001, 66, (16), 5449-5455.

202

87. Gabor, G.; Fischer, E., Spectra and Cis-Trans Isomerism in Highly Bipolar
Derivatives of Azobenzene. Journal of Physical Chemistry 1971, 75, (4), 581-&.
88.

Shinkai, S.; Nakaji, T.; Nishida, Y.; Ogawa, T.; Manabe, O., Photoresponsive
Crown Ethers .1. Cis-Trans Isomerism of Azobenzene as a Tool to Enforce
Conformational-Changes of Crown Ethers and Polymers. Journal of the American
Chemical Society 1980, 102, (18), 5860-5865.

89. Zhang, W. W.; Yu, Y. G.; Lu, Z. D.; Mao, W. L.; Li, Y. Z.; Meng, Q. J., Ferrocenephenothiazine conjugated molecules: Synthesis, structural characterization,
electronic properties, and DFT-TDDFT computational study. Organometallics
2007, 26, (4), 865-873.
90.

Burbank, P. B.; Gibson, J. R.; Dom, H. C.; Anderson, M. R., Electrochemistry of C82: Relationship to metallofullerene electrochemistry. Journal of Electroanalytical
Chemistry 1996, 417, (1-2), 1-4.

91. Crassous, J.; Rivera, J.; Fender, N. S.; Shu, L. H.; Echegoyen, L.; Thilgen, C.;
Herrmann, A.; Diederich, F., Chemistry of C-84: Separation of three constitutional
isomers and optical resolution of D-2-C-84 by using the "Bingel-retro-Bingel"
strategy. Angewandte Chemie-International Edition 1999, 38, (11), 1613-1617.
92.

Tamaki, K.; Imahori, H.; Nishimura, Y.; Yamazaki, I.; Shimomura, A.; Okada, T.;
Sakata, Y., Acceleration of photoinduced electron transfer in porphyrin-linked C70. Chemistry Letters 1999, (3), 227-228.

93.

Imahori, H.; Higuchi, H.; Matsuda, Y.; Itagaki, A.; Sakai, Y.; Ojima, J.; Sakata, Y.,
Synthesis and Properties of Conjugated Porphyrins with a Diacetylene Spacer.
Bulletin of the Chemical Society of Japan 1994, 67, (9), 2500-2506.

94.

Kadish, K. M.; Morrison, M. M., Solvent and Substituent Effects on Redox
Reactions of Para-Substituted Tetraphenylporphyrin. Journal of the American
Chemical Society 1976, 98, (11), 3326-3328.

95.

Maggini, M.; Scorrano, G.; Prato, M., Addition of Azomethine Ylides to C-60 Synthesis, Characterization, and Functionalization of Fullerene Pyrrolidines.
Journal of the American Chemical Society 1993, 115, (21), 9798-9799.

96.

Pedersen, C. J., Cyclic Polyethers and Their Complexes with Metal Salts. Journal
of the American Chemical Society 1967, 89, (10), 2495-&.

97.

Shriver, D. F.; Biallas, M. J., Observation of Chelate Effect with a Bidentate Lewis
Acid. Journal of the American Chemical Society 1967, 89, (5), 1078-&.

203

98.

De Silva, A. P.; McCaughan, B.; McKinney, B. O. F.; Querol, M., Newer opticalbased molecular devices from older coordination chemistry. Dalton Transactions
2003, (10), 1902-1913.

99.

DeSilva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Huxley, A. J. M.; McCoy,
C. P.; Rademacher, J. T.; Rice, T. E., Signaling recognition events with fluorescent
sensors and switches. Chemical Reviews 1997, 97, (5), 1515-1566.

100. Rurack, K.; Resch-Genger, U., Rigidization, preorientation and electronic
decoupling - the 'magic triangle' for the design of highly efficient fluorescent
sensors and switches. Chemical Society Reviews 2002, 31, (2), 116-127.
101. Beer, P. D.; Gale, P. A., Anion recognition and sensing: The state of the art and
future perspectives. Angewandte Chemie-International Edition 2001, 40, (3), 486516.
102. Schmidtchen, F. P.; Berger, M., Artificial organic host molecules for anions.
Chemical Reviews 1997, 97, (5), 1609-1646.
103. Sessler, J. L.; Davis, J. M., Sapphyrins: Versatile anion binding agents. Accounts of
Chemical Research 2001, 34, (12), 989-997.
104. Kubik, S.; Reyheller, C.; Stuwe, S., Recognition of anions by synthetic receptors in
aqueous solution. Journal of Inclusion Phenomena and Macrocyclic Chemistry
2005, 52, (3-4), 137-187.
105. Beer, P. D.; Hayes, E. J., Transition metal and organometallic anion complexation
agents. Coordination Chemistry Reviews 2003, 240, (1-2), 167-189.
106. Beer, P. D., Transition-metal receptor systems for the selective recognition and
sensing of anionic guest species. Accounts of Chemical Research 1998, 31, (2), 7180.
107. Gale, P. A., Anion receptor chemistry: highlights from 1999. Coordination
Chemistry Reviews 2001, 213, 79-128.
108. Gale, P. A., Anion coordination and anion-directed assembly: highlights from 1997
and 1998. Coordination Chemistry Reviews 2000, 199, 181-233.
109. Li, J.; Chen, Y.; Lu, X., Selective bridging of p-tert-butylcalix[6]arene with
polyethylene glycol ditosylates. Tetrahedron 1999, 55, (34), 10365-10374.
110. Zhang, S.; Echegoyen, L., Selective binding of aromatic amines by self-assembled
monolayers of a calix[6]crown-4 derivative. Organic Letters 2004, 6, (5), 791-794.

204

111. Zhang, S.; Palkar, A.; Echegoyen, L., Selective anion sensing based on tetra-amide
calix[6]arene derivatives in solution and immobilized on gold surfaces via selfassembled monolayers. Langmuir 2006, 22, (25), 10732-10738.
112. Hirose, K., A practical guide for the determination of binding constants. Journal of
Inclusion Phenomena and Macrocyclic Chemistry 2001, 39, (3-4), 193-209.

205

